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IGNEOUS ROCKS AND CONSTITUENT HORNBLENDES 
OF THE HENRY MOUNTAINS, UTAH 


By CELEsTE G. ENGEL 


ABSTRACT 


The dominant intrusive igneous rock in the Henry Mountains is diorite porphyry. 
This rock is chemically and mineralogically montonous through the stocks, laccoliths, 
bysmaliths, and dikes. The aggregate volume exceeds 16 cubic miles. Locally the diorite 
porphyry is cut by and grades into monzonite porphyry which is more variable in 
composition but constitutes only 5 per cent of the exposed rock. 

Most hornblende phenocrysts in the diorite porphyry are also chemically alike, with 
molecular proportions of FeO/MgO of about 0.9 to 1.1. In one coarse-grained laccolith 
the large hornblende phenocrysts have a molecular proportion of FeO/MgO of about 
0.4. This more magnesian hornblende is compositionally similar to most hornblendes from 
the hornblendite and amphibolite inclusions in the diorite porphyry. 

Except for relatively high Na content, the diorite porphyry of the Henry Mountains 
could have been derived by the tapping of the upper portions of a typical andesitic parent 
magma from which early formed crystals of hornblende and pyroxene have settled. The 
monzonitic variant appears to represent a differentiate of the diorite. The inclusions are 
interpreted to be early formed mafic hoods or crystal segregates from the parent 
magma. Possibly, however, they are xenoliths of amphibclite or basaltic crust. 
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INTRODUCTION AND ACKNOWLEDGMENTS 


This investigation is part of a program of the 
United States Geological Survey to determine 
the composition of igneous rocks. The porphy- 
ritic rocks of the Henry Mountains, Utah, were 
chosen because they are definitely igneous and 
include a variety of hypabyssal intrusive bodies 
closely related in space and time of develop- 
ment. The intrusive bodies are stocks, lac- 
coliths, bysmaliths, and dikes and sills that are 
well exposed. Their form and distribution have 
been carefully determined (Hunt, 1953). The 
rocks are almost entirely diorite porphyry with 
rare monzonite porphyry. 

The study reported herein had two major ob- 
jectives. One of these was to determine the 
variations in physical properties and chemical 
composition of the porphyries from place to 
place within a single intrusive body and be- 
tween bodies. A second objective, only partly 
accomplished, was to learn more of the proper- 
ties of the hornblendes that are the principal 
mafic mineral in both porphyries and inclusions 
in the porphyries. This phase of the work has 
been limited because of widespread, although 
not extreme, alteration of the hornblendes. 

Chemical analyses are reported for five horn- 
blende phenocrysts and for one hornblende from 
a hornblende inclusion. Partial chemical data 
are reported for nine other hornblendes from 
hornblendite and amphibolite inclusions. 

The manuscript has been read and greatly 
improved by the constructive comments of A. F 
Buddington, M. F. Fleischer, Charles B. Hunt, 
and A. T. Miesch. Miss Priscilla Patton con- 
tributed editorial assistance in the assembly of 
the paper. I wish to thank my husband, A. E. 
Engel, for assistance throughout the work. 


GENERAL GEOLOGY 


The general geology of the Henry Mountains 
region is well known from Gilbert’s pioneer 


work (1877) and later studies by Hunt (1953). 
The Henry Mountains area series of structural 
domes that lie within a broad structural basin 
in the Colorado Plateau. The basin is diamond- 
shaped, measuring roughly 100 miles long and 
50 miles wide. Its axis trends in a general north- 
ward direction in accordance with associated 
structural uplifts and depressions of the 
Colorado Plateau in southeastern Utah. 

There are five Henry Mountain domes. Each 
of the four southern domes is 6-8 miles in 
diameter. The northern dome, the Mt. Ellen 
complex, is about 10 miles in diameter. Each of 
the domes has a structural relief of several 
thousand feet. They occur on the gentle east 
flank of the surrounding structural basin. The 
basin was developed probably in late Cretaceous 

r early Tertiary time. The intrusions and 
doming of the Henry Mountains appear to have 
followed the development of the basin, possibly 
in the early or middle Tertiary (Hunt, 1953, 
p. 88). 

Each of the domes of the Henry Mountains 
consists of a central stock around which lac- 
coliths, dikes, sills, and bysmaliths are clustered. 
All these intrusions were formed by the in- 
jection of magma into the sedimentary strata 
with little or no stoping, incorporation, or as- 
similation of the wall rock. The larger stocks 
contain minor deposits of metal sulfides that 
are rare or absent in the other intrusive bodies. 
Each stock is surrounded by a shattered zone 
of the enclosing sedimentary rocks variously in- 
jected by igneous rock. The laccoliths radiate 
from the central stocks and the surrounding 
shattered zone and are roughly concordant with 
the bedding in the intruded sedimentary rocks. 
Gilbert (1877) noted that the laccoliths raised 
the overlying sedimentary rocks by arching the 
beds. The outermost intrusive types, the 


bysmaliths, raised their roofs by faulting (Hunt, 


1953, p. 90). Evidence assembled by Hunt sug: 
gests that the laccoliths and bysmaliths were 
injected radially from conduits now filled by the 
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INDEX MAP OF UTAH SHOWING THE LOCATION 
OF THE HENRY MOUNTSINS REGION 


EXPLANATION 
ROCK TYPES 


Diorite porphyry and 
subdordinete monzonite porphyry 


Tl Sheottered zone Consists of sedimentory 
rocks irregularly intruded by porphyry 


Central stock 


{] Sedimentory rocks 


SAMPLE LOCATION AND NUMBER, SHOWING 
SUBSEQUENT CHEMICAL TREATMENT 
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FicuRE 1—GENERALIZED GEoLocic Map oF Part OF THE HENRY MounrTAINS, UTAH 
(After Hunt, 1953) Showing location and type of samples and subsequent chemical treatment. 


tral stocks. Metamorphism of the sediments 
adjacent to the intrusive bodies is very slight. 
Some of the shales and siltstones appear to be 
‘lightly baked and reconstituted at and within 
afew feet of the contact. Grain size of the sedi- 


ments is not appreciably increased by the 
metamorphism. 

Throughout the Henry Mountains the domi- 
nant intrusive rock (95 per cent by volume) is 
diorite porphyry. Subordinate monzonite 
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porphyry occurs on Mt. Pennell and very 
locally on Mt. Ellen (Fig. 1). Other igneous 
rock types, a few aplite and basalt dikes, total 
a fraction of 1 per cent of the total igneous 
rocks (Hunt, 1953, p. 152). 

All the igneous rocks of the Henry Moun- 
tains show alteration effects which are either 
deuteric or hydrothermal. This alteration is 
manifested principally in sericitization of the 
feldspars and the replacement of hornblende 
by chlorite, calcite, epidote, iron oxides, and 
minor amounts of serpentine. The amount of 
alteration varies but reaches a maximum in 
parts of the stocks and shattered zones, in 
the roofs of laccoliths, and in some dikes which 
form outlying intrusive bodies. Alteration is 
only slight to moderate in many internal parts 
of the stocks, laccoliths, and bysmaliths. 


PRESENT INVESTIGATION 


The present investigation of the igneous rocks 
in the Henry Mountains was begun in July 
1956 when Charles B. Hunt and T. S. Lovering 
accompanied me on a tour of the Henry Moun- 
tains and the La Sal Mountains. Hunt’s maps 
and detailed knowledge of the geology and 
geography of. the Henry Mountains were used 
as a basis for evaluating the intrusive rocks as 
a source of samples suitable for more detailed 
study of rock composition. After this trip my 
husband and I worked 5 weeks in the field, 
walking out the intrusive bodies and sampling 
them. The northern part of the area was 
revisited in September 1957 for additional sam- 
ples. Hunt contributed samples of hornblende- 
rich inclusions from several relatively inacces- 
sible areas which I did not visit. 


SAMPLING 
General Program 


In the sampling program, an attempt was 
made to obtain least altered samples of igneous 
rock from the following occurrences: (1) central 
stocks, (2) peripheral shattered zones that 
envelop the stocks, (3) laccoliths radiating out- 
ward from the central stocks, (4) bysmaliths 
associated with the outlying laccoliths, and (5) 
outlying dikes and sills. 

Specimens of hornblende, the dominant mafic 
mineral in the igneous rocks, were obtained 
from laccoliths and the Mt. Ellen shattered 
zone of the Henry Mountains. In addition 
hornblendes were obtained from the horn- 
blendite and amphibolite inclusions which are 


fairly abundant in the igneous rocks. The loca- 
tion of samples and description of chemical 
work employed are shown in Figure 1. The 
selection of sample sites was controlled by the 
abundance of altered rocks, by limited ex. 
posures, and by relative inaccessibility of many 
intrusives. 

Most rock samples were taken from the Mt. 
Ellen intrusive complex' which is well exposed, 
not highly altered, and by far the most acces- 
sible. Within the Mt. Ellen complex studies 
were made of the major and minor element 
composition of the stock, its shattered zone, 
and intrusive bodies radiatirg to the north- 
east. These include the Wickiup Ridge, Horse- 
shoe Ridge, and Bull Creek laccoliths and the 
Bull Mountain bysmalith (Fig. 1). Variations 
of composition within the Bull Creek laccolith 
were also studied. It was sampled from proximal 
to distal end and from exposures near the 
inferred floor to its roof. 

Specimens of porphyry containing hornblende 
phenocrysts were obtained from the follow- 
ing intrusive bodies: (1) Mt. Ellen complex: 
Wickiup Ridge laccolith, Horseshoe Ridge lac- 
colith, and shattered zone enveloping the 
central stock; (2) Mt. Pennell complex: Horn 
laccolith; (3) Mt. Hillers complex: North Saw- 
tooth Ridge laccolith. Specimens of hornblende 
from hornblendite and amphibolite inclusions 
were obtained from the Mt. Ellen, Mt. Pen- 
nell, and Mt. Hillers complexes. 


Sample Collection 


Most of the porphyries are devoid of obvious 
planar and linear elements, although locally 
one or both of these features are well developed. 
Two types of samples were collected: (1) sam- 
ples weighing approximately 2 pounds for petro- 
graphic study and chemical analyses, and (2) 
larger samples, weighing 10-20 pounds. The 
large samples were taken at localities where 
both total rock composition and the composi- 
tion of the constituent hornblendes were to be 
studied. Many larger samples were rejected 
later because of alteration effects in the horn- 
blendes not detected in the field. 

All samples were collected at least 4 inches 
below exposed surfaces of rock. At each locality 
least altered rock types were sought, because 
the object of the study was to investigate 
primary differences in composition. As already 


1 The word complex is used to designate the 
variety of intrusive forms such as laccoliths, bys- 
maliths, dikes, and sills associated with each of the 
central stocks in the Henry Mountains. 


noted, 
Mounta 
ydroth 
such as 


maltere 


PET 


Petro; 
tp select 
from tv 
ach sa 
textural 
was etc 
K feldsy 
glution 
ty Cha: 
tained. 
ihe grou 
it acquil 
the stair 
ue disp 
round 
nished 
thenocr} 
coarse 
mm—an 
cent 
Presuma 
vith the 
qysts an 
ab 
athe gr 
Pheno 
a what 
nite pi 
bw stair 
tlagiocla 
Modal 
ection 
amounts 
kborator 
were mac 
dles, esp 
vas extra 
counted. 
about 2 j 
remainin; 
analysis 
In mos 
in size be 
cysts an 
“groundn 
than .01 
mass and 
the same 
Where th 


SAMPLING 


yoted, however, most of the rocks of the Henry 
Mountains have been altered by deuteric or 
hydrothermal processes, and in some places 
qch as the upper parts of several laccoliths, 
altered rock is rare or nonexistent. 


PETROGRAPHIC ANALYTICAL METHODS 


Petrographic study of all samples was made 
select those best suited for further analysis. 
fom two to five thin sections were cut from 
ach sample, depending upon its size and 
tural features. One section of each sample 
ys etched with hydrofluoric acid, and the 
K feldspars were stained with a 50 per cent 
ylation of sodium cobaltinitrite as described 
y Chayes (1952). Other sections were un- 
tained. Although much of the K feldspar in 
he groundmass is less than .02 mm in diameter 
tacquired a faint yellow tint as a result of 
he staining. Inasmuch as the feldspar grains 
ue dispersed almost uniformly through the 
moundmass it became more readily distin- 
uished from coarser plagioclase and other 
thenocrysts. In several samples the groundmass 
scoarse—many grains between .009 and .02 
m—and in these stained sections about 30 
yt cent of the groundmass is K_ feldspar. 
hesumably rocks with finer groundmass but 
ith the same amounts and kinds of pheno- 
cysts and the same bulk chemical composition 
uve about this same amount of K feldspar 
athe groundmass. 

Phenocrysts of K feldspar appear principally 
awhat Hunt (1953, p. 155) defines as mon- 
mite porphyry. They acquire a bright yel- 
ow stain and are readily differentiated from 
jagioclase and from quartz. 

Modal analyses of the minerals in thin 
tion were made with a point counter. The 
‘mounts of each mineral were tabulated on a 
uboratory counter. Normally 1000-1500 counts 
vere made per section. In coarser-grained sam- 
tks, especially those from which hornblende 
vas extracted, as many as five thin sections were 
tunted. The sections were cut at intervals of 
bout 2 inches in the rock specimens, and the 
‘maining fragments were ground for chemical 
and mineral separation. 
hh Most specimens there is no sharp break 
size between those grains defined as pheno- 
cysts and groundmass. In the tabulated modes 
‘Woundmass” invariably includes grains less 
than 01 mm in size. The cutoff between ground- 
tass and phenocrysts is not, however, precisely 
the same in all specimens. In many specimens 
where the groundmass is relatively coarse- 
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grained and involves a subtle transition in 
grain size to “phenocrysts”, the cutoff between 
the two textural types is closer to .02 or .04 
mm. 


TABLE 1.—S1zE RANGE OF HORNBLENDE PHENO- 
CRYSTS SEPARATED FOR CHEMICAL ANALYSES 


(In millimeters) 


1 2 3 | 4 5 
(HM "| (HM 22) (HM 9) | (HM 48)| (HM 2) 
Maximum...| 1.20 | 1.00 | 1.80 | 1.60 | 28.00 
Minimum...| .04 .04 .04 .04 .04 
Mean...... .20 15 .40 1.00 


1. (HM 15) Diorite porphyry, shattered zone, 
Mt. Ellen complex. 

2. (HM 22) Diorite porphyry, Horn laccolith, 
Mt. Pennell complex. 

3. (HM 9) Diorite porphyry, Horseshoe Ridge 
laccolith, Mt. Ellen complex. 

4. (HM 48) Diorite porphyry, North Sawtooth 
Ridge laccolith, Mt. Hillers complex. 

5. (HM 2) Diorite porphyry, Wickiup Ridge 
lacecolith, Mt. Ellen complex. 


Hornblende crystals were easily counted ex- 
cept where the hornblende is appreciably altered 
by iron oxides. In general hornblendes less than 
.04 mm are included in the groundmass. Grain 
size and locations of hornblende phenocrysts 
that have been analyzed chemically are given 
in table 1. 

Grains of opaque minerals, largely magnetite 
and hematite, were counted if they were .02 
mm or larger. 


PREPARATION OF ROCK SAMPLES 


Representative chips were crushed to ap- 
proximately a quarter of an inch in a jaw 
crusher and pulverized on ceramic plates to 
—100 mesh. About 20 grams of the —100-mesh 
fraction was split off for chemical analyses of 
major and minor elements. Approximately 5 
grams of the —100 mesh was pulverized to 
—200 mesh for spectrographic analysis of trace 
elements. The remainder of the —100-mesh 
sample (3-5 pounds) was used to obtain a 
hornblende separation where possible. 


CHEMICAL ANALYTICAL METHODS 
Wet Chemical Analyses 


Wet chemical analyses of rocks and horn- 
blendes were made by me. Analytical proce- 
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dures employed were largely classical gravimet- 
ric techniques slightly modified after Shapiro 
and Brannock (1956). A complete description 
of methods of analysis is published elsewhere 
(Engel and Engel, 1958). 

During the analytical work on the rock 
specimens, the standard G-1 (Fairbairn ef al., 
1951) also was partly analyzed as a means of 
establishing reproducibility and error. 

The determinations for NasO, TiOs, 
and MnO of the hornblende samples were run 
with the standard W-1. These determinations 
and the adjusted mean values of W-1 (Fairbairn, 
1953), are given at the bottom of Table 12. 


Spectrographic Analyses 


Spectrographic analyses of rocks and horn- 
blendes listed in Tables 3 and 15 were done 
twice, once by U. Oda and E. F. Cooley 
of the U. S. Geological Survey and _ inde- 
pendently by Elisabeth Godijn at the California 
Institute of Technology. All other rock and 
mineral samples were analyzed by Oda and 
Cooley. 

The analytical method used by Oda and 
Cooley was largely designed by Alfred T. Myers 
(Personal communication). It is a semiquanti- 
tative method used for the rapid scanning of 
samples for many elements, where the spectral 
lines of the unknown samples are visually com- 
pared with the same spectral lines on standard 
films. Both sample and standard powders are 
weighed and arced under standardized condi- 
tions in the presence of added graphite powder. 
Ten mg of the samples or standard was mixed 
with 20 mg of graphite powder and arced for a 
90-second exposure time on a 20-inch strip of 
film in the spectrograph to record the spectra. 
The spectral region from 2060 to 4840 A is 
recorded in the second order. Each film is 
exposed to 16-18 samples. The spectrum of 
each sample is compared with standard spectra 
by means of a projection-type visual com- 
parator, for the estimation of element concen- 
tration. Table 2 indicates the limits of detection 
of the analytical methods employed by Oda and 
Cooley. 

Spectrographic analyses were made on 70 
specimens. Fifteen of the analyses were made 
in duplicate at different times as one means 
of establishing reproducibility of the spectro- 
graphic analyses. 

In general, the spectrographic analyses done 
at different times in the Denver laboratory are 
reproducible within 25-50 per cent of the num- 
ber reported for all elements except Cu, Pb, 


and Zr. Values for Cu from the same rock 
analyzed 2 months apart vary as much as 500 
per cent. The Pb and Zr values differ by about 
100 per cent. 


TaBLeE 2.—Liuits OF DETECTION FOR SEmiquay. 
TITATIVE SPECTROGRAPHIC ANALYSES By 
MYERS AND ODA 
(In parts per million) 


Ag | 1] Cr 20 | Sc 20 
As | 500 | Cu 5 | sn | 140 
B | 10 | Ga 10 | Sr 20 
Ba 10 | Ge 10 || Ti 10 
Be 1 La 50 V 10 
Bi | 5 | Mo | 100] 10 
Cd | 20 | Mn | 10 | zn | 200 
Co 10 | Ni 5 | Ze 10 
Pb 10 


Spectrographic analyses employed by the 
California Institute of Technology are described 
in Engel and Engel (1958). 


Rock CoMPOSITION 
Introduction 


The chemical and mineralogical composition 
of the rocks in the Henry Mountains has been 
reported by Hunt, who published 22 chemical 
analyses (1953, p. 154). Although these chemical 
analyses were not accompanied by modes, they 
suggest a remarkable uniformity in composition 
of the rocks within the several bodies of a single 
intrusive complex as well as between complexes. 
It seemed useful to attempt a more extended 
study of the chemistry and mineralogy of the 
igneous rocks to evaluate these compositional 
relations in more detail. 

In this work about 80 specimens of igneous 
rocks have been studied. About 50 of these 
specimens come from the Mt. Ellen complex, 
and the remaining specimens are from the Mt. 
Pennell and Mt. Hillers complexes. The dis 
tribution of these rocks in the various intrusives 
is shown in Figure 1. Detailed modal analyses 
were made on all the specimens. Thirty-nine 
modal analyses appear in Tables 3, 4, 5, 6, 7; 
and 9. 

Most of the work was done on diorite 
porphyry. The only other rock type studied 
was monzonite porphyry. 

The following generalizations may be made 
on the basis of the present investigation. The 
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rock § diorite porphyry averages about 55 per cent 
509 goundmass, although variations from 35 to 63 
bout q pt cent are recorded. Plagioclase feldspar 
32 per cent) and hornblende (10 per cent) 
cur as phenocrysts in the groundmass. The 
remaining 3 per cent is composed of augite, 
_ munded quartz grains, iron oxides, calcite, 
dlorite, epidote, sphene, biotite, zircon, and 
ically serpentine, allanite, and clinozoisite. The 
____ ff} goundmass is dense, light gray, and contains 
ft abundant, evenly distributed large white pheno- 
2 aysts of plagioclase and smaller amounts of 
ed iak, finer-grained hornblende. A few crystals of 
» ghene are large enough to identify in the hand 
gecimens. Marked variations in texture are 
10 | .mmon within some of the porphyries, and 
10 Fs few Cases important textural variations 
oo «cur within a single intrusive body. These 
10 coincide locally, in both abrupt and 
ubtle transitions to a more monzonitic rock 
~ Bthat contains phenocrysts of augite and K 
eldspar as well as plagioclase. Hunt (1953, 
_ the 9. 91, 115) concludes that the monzonite is 
ribed } onfined to the Mt. Pennell complex, but two 
amples that I collected in the Mt. Ellen stock 
wntain phenocrysts of K feldspar and are 
imilar to the monzonite from Mt. Pennell in 
‘tal mineralogical composition. Within the 
liorite porphyry measurable variations are 
_, | ound in: (1) amount and grain size of the 
ition | roundmass and phenocrysts; (2) mineralogy, 
been J specially the local appearance of augite or 
mical wartz as phenocrysts; (3) texture, from the 
mical } sidespread massive rocks to slightly foliated 
they } nd lineated types; (4) degree of alteration of 
ition F te rock. 
ingle} Most variations in texture and mineralogy 
lexes. Fs the diorite porphyries are not large enough 
nded | i» cause systematic variations in the bulk 
f the wmposition of the rock that can be detected by 
ional} onventional analytical methods. Slight to mod- 
tate alteration of the rock, unless obvious in 
neous the hand specimen, cannot be correlated with 
these} nost changes in the measured compositions. 
iplex,F Ap exception is the systematic increase in the 
, Mt e:0;:FeO ratio with increasing alteration, al- 
> dis- though total iron content remains constant. 
IsiVeS) The most important textural changes intro- 
alyses tueed by alteration are a decrease in grain 
re ze resulting from the appearance of micro- 
6, 15} cystalline sericite, chlorite, and iron oxides. 
._.,) Themonzonite porphyry is much less uniform 
oe tan the diorite porphyry. Some samples of 
Tomonite contain abundant, coarse pheno- 
ia cysts of K feldspar, whereas in others the K 
The ieldspar is confined to the groundmass. Horn- 
: blende and augite phenocrysts are present in 
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about equal amounts, but locally augite may be 
absent (Table 7). In general, the groundmass 
and feldspar and hornblende phenocrysts are 
more altered than in the diorite porphyries. 
Most phenocrysts of augite are fresh. 


Mt. Ellen Complex 


The bulk compositions of five diorite por- 
phyries from the Mt. Ellen complex are given 
in Table 3. The samples are HM 9, HM2, 
HM 15, HM 100, and HM 35. Three of these 
samples were chosen for analysis of constituent 
hornblendes because they were texturally and 
compositionally like the bulk of the diorite 
porphyry, and the hornblende phenocrysts were 
unaltered. The other two analyses are of sam- 
ples of diorite porphyry from the Bull Creek 
laccolith and the adjacent Bull Mountain bys- 
malith. 

BULL CREEK LACCOLITH: The Bull Creek 
lacolith, at the northeast edge of Mt. Ellen, is 
exposed for about 9000 feet along Bull Creek, 
in a valley about 900 feet deep at the bulged 
northeast end of the intrusion. Samples were 
collected along the entire exposed length of the 
laccolith, and two vertical traverses were made 
from the creek floor to the roof of the lac- 
colith. Additional samples were collected 
throughout the body. Figure 2 is a generalized 
vertical section drawn approximately along Bull 
Creek, showing the form of the laccolith and 
the sample locations. The rock specimens col- 
lected from this laccolith were taken principally 
for studies of the compositional variations 
within a single intrusive. The mineralogic and 
chemical data are given in Table 4. 

The porphyry in this intrusive has a uni- 
formly fine-grained groundmass containing 
large phenocrysts of plagioclase, hornblende, 
and minor quartz. Both groundmass and pheno- 
crysts are partially replaced by sericite and 
calcite. This alteration is similar to that in 
nearby laccoliths but greater and more per- 
vasive than in the adjoining Bull Mountain 
bysmalith. Hornblende throughout the Bull 
Creek laccolith is more altered than that in the 
adjacent Wickiup Ridge and Horseshoe Ridge 
laccoliths but is like that in the Bull Mountain 
bysmalith. Hornblende is replaced mainly by 
iron oxides (principally magnetite) that rim 
and corrode the margins of the hornblende 
crystals and are speckled throughout the grains. 

Quartz is faily abundant in samples collected 
along the floor of Bull Creek and consists of 
round grains large enough to be seen in hand 
specimens. Maximum quartz content exclusive 
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TABLE 3.—MopAL AND CHEMICAL ANALYSES OF DIORITE PORPHYRIES OF THE t orot 
Henry Mountains, UTAH Br 
: collect 
i 1 | 2 | 3 | 4 , 6 | 3 | 8 ulitic 
(HM 9) | (HM 2) | (HM (HM 48); 100)) (HM 35) (HM 22)} 10 epidote 
| | | 
ae Modal Analyses 
Groundmass....... 62.0 | 36.6| 56.5} 61.8 | 52.0 | 61.3 | 59.9} 53.8 
Plagioclase pheno- | 
25:2. | 4.9| 2.3 | 22.1 | 35:4) 2:2 33.8) 
Hornblende........ 11.6; 10.1}; 10.7] 13.1 | 10.6) 7.0 4.3 | 
7 1.4 | 5 | 6 
Opaque minerals. . . + 3.4 4 1.9 1.2 
100.0 | 100.0 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 
a Chemical Analyses 
| | | | | 
62.45| 61.63) 63.52) 62.22) 62.88 62.51) 65.03! 67.65; 62.47; 62.58 
18.01; 18.29, 17.95; 17.82, 17.13) 18.60, 17.60) 17.05) 18.13) 18.00 
1.37; 1.69) 1.35; 2.49, 1.86) 1.50) 1 77| 1.09) 1.68) 2.27 
2.79} 2.68} 2.55) 2.10 2.58) 2.11) 1.20) 1.35) 2.45) 2.12 
MgO... 1.29' 1.33} 1.32) 1.42) 1.48] 1.06) 88 1.28) 1.21 
5.58} 5.50, 5.94 5.39 5.86| 5.24 2.93] 5.73 5.28 The 
4.84 4.92) 4.71) 4.66) 4.50) 5.11) 4.78 5.79) 4.85) 4.91 Creek 
1.96 1.97) 1.72) 1.88 2.25) 1.97) 1.70} 2.82) 1.90 2.11 
20) .20 13 07); 06 18) 02 .13] primary 
.48| 47) 50 .51! 29 40) 21 44, 39 of 
27} n.d. | . 16) 15 21) nd. aly sii 
18) 14) 10) . 16) . 16) 12) 06 
| 100.09; 100.09) 100.07) 100.01) 99.32, 99.97! 99.94 100.38) 100.06) 99.80 compar: 
The Bu 
Trace-Element Analyses nore g 
750 1300 750 1250 1000 1150 1000 1300 ... |10001350 75015002200, 9001300) ... nafic m 
7<10 6<10 6... <10 <10'<10| 3<10| 6... 
<20| 11/<20, 9<20 8 ... |<20 6 <20<20, 8... | The 
1500) 11002000 1100 1000, 900 1500 1100, ... 1500 940, 1500, 500) 380/1500 1000, ... 
<5} 4) <5} 3) <5} 2) <5} 3)... | <5} 2) <5) <5) te | <5) 3... 
| 10 ..| 10..| 10 tr|...| 10 tr | 10 35] 40, 10|.. |... Pphyr 
10;<20) 9 ... 7} nd. |<20) .. |<20) ~9| ... Theg 
Sr............{1500) 790'1500) 790.1500 8301500 730; ... 1500 970} 820; ... Bull Cre 
2000 2100 1500 2100 1500 2300 2000 1900, ... 20001700) 3500) 750) 760,1800 2000, ... the se 
100, 117) 75, 96) 75) 92, 75 90... | 100 93) 100) 75| 93) 80, 100... 
| 35| 32] 35} 15! tr | 20, ... | 20) 25] 15] 10] .. | 24\~20,... Smples 
150) 150, 200 140 100 120) 100 140) | 150] 130 350) 75 71) 140} 140) of 
: samples 
ea A—U. Oda, U. S. Geological Survey; analyst B—Elisabeth Godijn, California Institute of iia 
Technology. 
se Chiefly chlorite, apatite, epidote, sphene, zircon, and microcrystalline sericite and limonite. lected a 
1. (HM 9) Horseshoe Ridge laccolith, Mt. Ellen complex (average of 5 samples). Analyst, C. G. Engel. hecolith 
2. (HM 2) Wickiup Ridge laccolith, Mt. Ellen complex (average of 3 samples). Analyst, C. G. Engel. | rocks ve 
3. (HM 15) Shattered zone, Mt. Ellen complex. Analyst, C. G. Engel. tain hon 
4. (HM 48) North Sawtooth Ridge laccolith, Mt. Hillers complex. Analyst, C. G. Engel. <A and al 
5. Black Mesa bysmalith, Mt. Hillers complex. The bysmalith is adjacent to No. 4 above. (Analysis§ “’ alte 
taken from Hunt, 1953, Table 7, col. 11) Analyst, J. F. Fairchild. within 1 
6. (HM 100) Bull Mountain bysmalith, Mt. Ellen complex. Analyst, C. G. Engel. Werlyin; 
7. (HM 35) Bull Creek laccolith, Mt. Ellen complex. Analyst, C. G. Engel. small re! 
8. (HM 22) Horn laccolith, Mt. Pennell complex. Analyst, C. G. Engel. which hi 
9. Mean of samples 1, 2, 3, 4, and 6 (least altered porphyries). 1) Dane 7 
wat Mean of 7 diorite porphyries cited by Hunt (1953, p. 154). Analysts, R. E. Stevens and J. F. Fair on oxic 
child. 
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wllected. Accessory minerals are green spher- 
jitic chlorite, iron oxides, apatite, sphene, 
aidote, calcite, and rare allanite. 
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df groundmass is 3.5 per cent in the specimens 
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samples at or near the roof contain colorless, 
spherulitic serpentine. 

The alteration of the porphyry is reflected 
in the chemical analyses of the samples. Al- 


osed Roof ~ or 

Southwest or 

e 
@HM45 
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The modal analyses of rocks from the Bull 
(reek laccolith indicate moderate variations 
a texture and mineralogy but that all the 
simary rock is diorite porphyry. The composi- 
ion of the one specimen analyzed in detail is 
aly slightly different from the average diorite 
porphyry of the Henry Mountains (Table 3; 
wmpare column 7 with columns 9 and 10). 
The Bull Creek laccolith contains somewhat 
nore groundmass and fewer phenocrysts (in- 
luding hormblende and opaques) than the 
werage diorite. The slightly lower content of 
mafic minerals is reflected in a decrease in total 
Fe, 

The trace-element composition of the Bull 
Creek laccolith is, within the limits of analytical 
ator, essentially that of the average diorite 
porphyry of the Henry Mountains. 

The groupings in Table 4 of samples from the 
bull Creek laccolith are based upon the location 
ithe samples in the body. Group I consists of 
amples along or within 50 feet of the exposed 
oor of the laccolith. Group II consists of 
amples collected from internal parts of the 
accolith. Group III consists of samples col- 
keted at or within 100 feet of the roof of the 
kecolith. The only differences appear in the 
tocks very near the roof (Group ITI), which con- 
ain hornblendes that are especially “bleached” 
and altered to iron oxides. Two samples taken 
within 15 feet of the contact of porphyry with 
werlying sedimentary rock (roof) contain only 
mall relics and crystal outlines of hornblende 
which have been almost completely replaced by 
ton oxides and calcite. The groundmass of the 


Scale in miles 
Vertical Exaggeration 6X 
FIGURE 2.—VERTICAL SECTION ALONG BuLL CREEK LACCOLITH SHOWING LOCATION 
OF SAMPLES CITED IN TABLE 4 
The floor of the laccolith is not exposed. 


though the total Fe content is approximately 
constant throughout the laccolith the ratio of 
Fe,03;/FeO increases abruptly, by a factor of 
5, in the rocks within 15 feet of the roof (Table 
4, samples 43 and 37). This ratio also seems 
slightly greater in the internal parts of the 
laccolith (Group II) than in the lower part 
(Group I). These changes in the valency of 
Fe reflect the mineralogical alteration of horn- 
blende and spinels to hematite and limonite. 
The development of iron oxides is accompanied 
by the appearance of some chlorite and serpen- 
tine as well as calcite. The development of 
chlorite and serpentine suggests that the altera- 
tion is either deuteric or hydrothermal. The 
arched apical area of the laccolith is an obvious 
locus for rising deuteric or hydrothermal fluids. 
The spectrographic analyses of the samples 
taken from the Bull Creek laccolith show no 
significant variations from floor to roof or from 
proximal to distal ends (Table 4; Fig. 2). 
BULL MOUNTAIN BYSMALITH: The Bull Moun- 
tain bysmalith, a very prominent landmark 
at the northeast corner of the Mt. Ellen 
complex, stands isolated between Bull Creek 
on the west and Granite Creek on the south- 
east. The summit is about 2000 feet above the 
creeks. Along the west side of Bull Mountain 
the contact of the intrusive porphyry with the 
sedimentary rock is poorly exposed. Along the 
steep north face of the intrusive, the porphyry 
is emplaced against steeply dipping beds of 
the Morrison formation. The floor of the bys- 
malith is not exposed. Most of the samples were 
collected along the west and north sides of 
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Bull Mountain, at intervals of about a quarter 
of a mile, along the exposed length (25, miles) 
of the intrusive. 

The Bull Mountain porphyry consists of 
large, zoned, and twinned plagioclase crystals, 
hornblende, and accessory minerals in a very 
fine-grained groundmass. The groundmass is 
stained in thin sections treated with sodium 
cobaltinitrite but is too fine-grained to permit 
an estimate of K feldspar content. The plagio- 
clase is rather fresh with a few intergrowths of 
K feldspar. The hornblende is highly altered. 
It is chloritic, embayed by groundmass, and 
surrounded and riddled by small opaque grains. 
Quartz is present in most of the sections, 
usually as one or two large, round grains per 
thin section. Veinlets of quartz are present in 
some sections. Calcite is present as irregular 
films replacing the groundmass and as discrete 
grains replacing the hornblende and ground- 
mass. Rare biotite appears as shreds in the 
hornblende crystals. Euhedral sphene and 
apatite are also present. 

Studies of the Bull Mountain bysmalith were 
confined to the total rock because of the extreme 
alteration of hornblende. The data on rocks 
from the Bull Mountain bysmalith are in 
Table 5. 

Modal analyses indicate a remarkable uni- 
formity in mineral composition and texture 
throughout the Bull Mountain bysmalith. The 
average of nine modal analyses (Table 5) in- 
dicates a mineralogical composition and texture 
very close to the average for diorite porphyry 
collected from the Henry Mountains. 

Spectrographic analyses and partial chemical 
analyses for TiOs, total Fe, NaxO and K.O 
substantiate the modes: within the limits of 
analytical error, there appear to be no dif- 
ferences in the composition of the bysmalith 
from one end to the other. 

HORSESHOE RIDGE AND WICKIUP RIDGE LAC- 
cotitH: The Horsehoe Ridge laccolith adjoins 
the Bull Creek laccolith on the west but is 
not so well exposed and is less accessible. The 
Wickiup Ridge laccolith lies between the Mt. 
Ellen stock and the Horseshoe Ridge and Bull 
Creek laccoliths (Fig. 1). 

Samples were collected from the Horseshoe 
Ridge and Wickiup Ridge laccoliths where they 
converge with the southwestern part of the 
Bull Creek laccolith (Fig. 1). Modal and chem- 
ical analyses of the three intrusions and chem- 
ical analyses of hornblende from them offer a 
means of comparing the properties of the three 
laccoliths at points separated by only a few 
hundred feet of sedimentary wall rock. 


Texturally and mineralogically the Horseshoe 
Ridge laccolith is like the Bull Creek laccolith 
except that its hornblendes are relatively fresh, 
An average modal analysis of 5 thin sections of 
the Horseshoe Ridge laccolith cut from speci- 
mens collected approximately 10 feet apart 
is given in column 1 of Table 3. This average 
is slightly higher in groundmass and lower in 
plagioclase phenocrysts than the mean modal 
composition of Henry Mountain diorite por- 
phyries. The chemical composition (Table 3, 
column 1) is similar to that of the average of 
Henry Mountain diorite porphyries (Table 3, 
columns 9, 10). 

Hunt (1953, p. 105) noted that the Wickiup 
Ridge laccolith is petrographically different 
from the other laccoliths. This is partly because 
the phenocrysts of hornblende are very large; 
a few are 28 mm long. These hornblendes also 
contain a higher Mg/Fe ratio than hornblende 
analyzed from other intrusives in the Henry 
Mountains (Table 12). The phenocrysts of 
plagioclase and groundmass also are coarser- 
grained than most other diorite porphyries of 


the Henry Mountains. Commonly a little augite |: 


is present, and locally it is more abundant than 
hornblende. The rock at the northeast end of 
the laccolith is coarsely crystalline and contains 
very little augite. The hornblendes average 
about 1 mm in length (Table 1). An average 
modal analysis of 3 thin sections of rocks col- 
lected about 20 feet apart is given in column 


2 of Table 3. The small amount of groundmass |‘ 


(36.6 per cent) reflects the coarse texture of 
diorite porphyry in the Wickiup Ridge lac- 
colith. 

The variations in petrography of the Wickiup 
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porphyry are not reflected in chemical com- 
position. The chemical analyses of major, minor, 
and trace elements of a typical Wickiup Ridge 
porphyry (Table 3, column 2) are approxi- 
mately those of the average of diorite porphyries 
in the Henry Mountains. 

CENTRAL STOCK AND SHATTERED ZONE: The 
Mt. Ellen stock and shattered zone occur along 
the southern part of the Mt. Ellen complex at 
altitudes up to 11,000 feet. As Hunt notes 
(1953, p. 91) the stock is roughly circular in 
plan and consists of diorite porphyry. It is 
surrounded by a shattered zone that consists of 
sedimentary breccias variously injected by 
igneous rocks. The proportions of sedimentary 
to igneous rocks vary widely in the shattered 
zone. In general, however, large masses of 
igneous rock are most abundant in the inner 
part of the shattered zone, whereas most 0 
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TaBLE 5.—MopaAL AND CHEMICAL ANALYSES OF DIORITE PORPHYRY FROM THE BULL MOUNTAIN 
ByYSMALITH 
| 25§ miles 
| Proximal — Distal 
| 2 6 | | | 
(HM 3) |(EIM 7) | CHM =| | | | 
Modal Analyses 
ae | | | i | | | 
($1.3 | 47.9 | 48.0 49.9 | 50.8 | 52.0 | 49.7 | 50.5 | 48.6 | 49.9 
Pagioclase phenocrysts... .... | 40.5 | 39.2 | 40.9 | 38.6 | 35.6 | 35.4 | 38.0 | 36.9 | 39.0 | 38.2 
| 9.4) 8.7) 8.3) 11.3| 10.6) 8.7 | 10.1] 9.3 
1.3] 2.4] 1.9] 1.0} 2.2] 1.2] 1.4] 1.5 
| | | | 
1100.0 {100.0 100.0 100.0 100.0 100.0 100.0 100.0 |100.0 100.0 
Partial Wet Chemical Analyses (Analyst, C. G. Engel) 
Total Fe (as FesO3).......... | 3.88) 3.88) 4.21) 3.911 3.80 3.78) n.d. | n.d. | n.d | 3.91 
| 5.00 5.04 4.83 4.89, 5.01) 5.11) nd. | n.d. | n.d. | 4.98 
As | 1,97, 1.94) 2.15) 2.001 2.01) 1.97, nd. Ind. | nd. | 2.06 
. . 31) 35) 29) n.d. | n.d. | n.d. 31 
Trace-Element Analyses (ppm) (Analyst, U. Oda) 
| | | | | | 
Ba. 1500 | 1500 | 1000 | 1500 | 1000 | 1000 1000 | 1000 , 1000 | 1200 
<10 | <10 10 | <10 | <10 | <10 <10 <10 <10 | <10 
<20 | <20 | <20 | <20 <20 <20 <20 
1500 | 1000 | 1500 | 1500 | 1500 | 1500 | 1500 1500 1500 | 1500 
<5 <5 5 <5 <5 <5 <5 <5 
Pb... 20 20 35 20 20 10 20 20 35 | 20 
hh... <10 | <10 | <10 | <10 10; <10 | <10;} <10, <10| <10 
_ 1500 | 1500 | 2000 | 1500 | 1500 | 1500 | 1500 | 1500 1500 | 1500 
ee ere 3500 | 1500 | 1500 | 1500 | 1500 | 2000 | 3500 | 3500 | 3500 2500 
75| 75| 100| 75 | 10 75) 100) 75| 85 
| ee 20 20 20 20 20 20 15 20 20 20 
150 200 200 350 | 350); 150 350 500 500 300 


*For complete chemical analysis see column 6 of Table 3. 
{Chiefly biotite, chlorite, apatite, epidote, sphene, zircon, and microcrystalline sericite and limonite. 


of pyrite, chalcopyrite, and other sulfides occur 
in the central stock in the Bromide Basin area. 
Specimens that show little effect of alteration 
may be obtained, however, as is indicated by 
porphyry HM 15 (Table 3). This rock is rela- 
tively unaltered and is the source of the 
hornblende HM 15 (Table 12). Hunt concluded 
(1953, p. 93) that diorite porphyry and quartz- 
bearing diorite porphyry within the stock were 
separate intrusive masses. However, field and 


he outer part is broken sedimentary rock. 
Exposures of the central stock and shattered 
wne are locally good, but large areas are poorly 
“posed or unexposed. 

Alteration of the igneous rocks in the stock 
ad in the shattered zones is well developed 
and widespread. The alteration involves sericiti- 
ation of the plagioclase and extensive replace- 
ment of the hornblende by magnetite, epidote, 
and chlorite. Veinlets and disseminated masses 
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TABLE 6.—MODAL AND SPECTROGRAPHIC ANALYSES 
oF DiorITE PORPHYRIES FROM THE MT. ELLEN 
STocK AND SHATTERED ZONE 


1 
(HM 10)* 
2 
(HM 11) 
3 
(HM 12) 
4 
(HM 14) 
5 
(HM 15) 
6 
(HM 19) 


Modal Analyses 


| 


100.0 100.0 


Groundmass... .. | 46.3! 36.6, 48.2) 56.5| 2.0 
Plagioclase | | | 
phenocrysts| .. 44.0 46.1, 40.9, 30.3) 70.8 
Homblende...... 1.8 5.6 5.5 10.7, 20.0 
Quartz....... | .. | 1.0) 2.8] 1.6 
K-feldspar....|../ 3.0|...|... | 
Epidote......) .. |... | 1.5) .5| 4.2 
Opaques...... 1.4) 2.9 .6) 
Others? .....] 1.9 6 
Total...... | 100.0 100.0 100.0 | 


} | 
Ba | 500 1000 1000 1000 1000 750 
Co | 20 <10 <10 <10 <10 20 
| 75, <20 <20 <20 <20 75 
2000 750 1500 1500, 1000 1000 
20; <5; <5} <5} <5; 20 
Pb 10 35 10 10 <10 10 
1000 1500 1500, 2000 1500, 1500 
‘3500, 2000, 3500 2000 1500 5000 
V. 350, 100 75 «75, 500 
15) 15 35, 20,15, 20 

| 


| 350; 350) $50) 350 100 200 
' 


*Very chloritic, epidotic porphyry. Coarse- 
grained like HM 19 with very little Groundmass. 
Hornblende abundant like HM 19 but is “bleached”’ 
and altered to chlorite. 

¢ Chiefly chlorite, sphene, zircon, sericite. 

HM 10, HM 11, HM 12, HM 14. Mt, Ellen 
stock, Bromide Basin. 

HM 15. Shattered zone, Mt. Ellen. (Chemical 
analysis of this sample appears in column 3 of 
Table 3.) 

HM 19. Laccolith 1 mile east of the Mt. Ellen 
stock. 


petrographic studies show that in some parts 
of the stock there are all gradations between 
diorite porphyry and porphyry with almost 
7 per cent quartz. The relative proportions of 


quartz-bearing and quartz-free samples of 
porphyry are unknown. 

Modal analyses of four porphyries from the 
central stock and two from the shattered zone 
(Table 6) indicate some interesting composi- 
tional features in the central stock. The low 
hornblende content and the local appearance of 
orthoclase phenocrysts indicates “monzonitic” 
rock types much like those found in the Mt, 
Pennell complex. For example, specimen HM 
12 (Table 6) contains only 5.6 per cent horn- 
blende but contains 3 per cent orthoclase pheno- 
crysts. Some of the rocks on Mt. Pennell that 
Hunt refers to as monzonites approximate this 
composition (Table 7, specimen HM 21). The 
dominant diorite porphyry of the Henry Moun- 
tains shows no orthoclase as phenocrysts and 
contains approximately 10 per cent hornblende. 

The concentrations of trace-elements in the 
rocks from the stock and the shattered zone 
(Table 6) are essentially like those from other 
parts of the Henry Mountains except that two 
of the samples show a high Cu content. This is 
a reflection of minor chalcopyrite disseminated 
through the rock. 


Mt. Pennell Complex 


Mt. Pennell, like Mt. Ellen, consists of a 
central stock and shattered zone surrounded by 
laccoliths and numerous dikes and sills. As at 
Mt. Ellen, most laccoliths radiate from the 
central stock. Hunt (1953, p. 115) notes several 
rock types in the Mt. Pennell complex. He 
states that the central stock consists of diorite 
porphyry, monzonite porphyry intrusive into 
the diorite porphyry, and aplitic dikes. The 
Horn laccolith north of Mt. Pennell is described 
by Hunt as a “biotite-bearing” porphyry. Many 
dikes and sills in the Mt. Pennell complex 
are reported to be composed of monzonite 
porphyry. A brief investigation was undertaken 
of the biotite-bearing porphyry in the Hom 
laccolith and of the monzonite porphyries in 
the Coyote Creek laccolith. The rocks in the 
central stock were not studied. 

HORN LACCOLITH: The Horn laccolith is the 
most northerly intrusion in the Mt. Pennell 
complex. Its component igneous rocks are more 
widely and extensively altered than those 
the other intrusive rocks studied in the Henry 
Mountains. This is especially true of the 
plagioclase phenocrysts and groundmass which 
have a soft, pithy texture and are partly re 
placed by hydrous sheet-structure silicates. In 
contrast, some of the hornblende phenocryst 
are little altered. One specimen of hornblend: 
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(Table 12, specimen HM 22) is from altered 
porphyry of the Horn laccolith. Modal and 
chemical analyses of this rock are given in 
column 8 of Table 3. This rock and numerous 
other specimens studied from the Horn lac- 
clith do not contain biotite. 

The groundmass of the Horn porphyries when 
etched and stained with sodium cobaltinitrite 
appears to be more deeply colored in thin section 
than most porphyries, which suggests a higher 
percentage Of K feldspar. Hornblende is less 
abundant than in typical diorite porphyry. 
There is little or no quartz. The chemical 
analysis of the rock from the Horn laccolith 
differs from the other porphyries I studied and 
irom those described by Hunt (1953, p. 154, 
Table 7, specimens 16, 17). The Na and K 
content of the rock analyzed from the Horn 
laccolith appears to be intermediate in amount 
between that in typical diorite porphyry and 
the rocks of the Mt. Pennell complex that Hunt 
refers to as monzonite. Unfortunately, Hunt’s 
analyses on monzonite are of rock with some of 
the large crystals of K feldspar removed (1953, 
p. 157). Therefore detailed comparisons be- 
tween Hunt’s analyses and analyses given in 
this report are not appropriate. 

COYOTE CREEK LACCOLITH: The Coyote Creek 
accolith extends northeast from Mt. Pennell to 
the perimeter of the exposed igneous complex. 
Hunt noted the presence of monzonite porphyry 
ilong the southeast flank of the laccolith, al- 
though other parts of it are diorite porphyry. 
Six specimens of the monzonite were studied in 
letail (Table 7), and thin sections of 11 others 
vere examined. In general the monzonitic rocks 
wntain less hornblende and more augite than 
ypical diorite porphyries. Most of them con- 
ain large phenocrysts of K feldspar and opal- 
illed vugs with associated subhedral crystals of 
alcite, clinozoisite, and sphene. The horn- 
ilende and augite phenocyrsts show interesting 
iifferences. Most of the augite is in large 
tuhedral crystals that are only slightly altered 
en in the most altered host rocks. Most of the 
tomblendes are partly replaced by groundmass 
and are riddled and surrounded by opaque 
minerals. 

Two types of monzonitic porphyry are 
present, one in which there is little or no K 
tldspar as phenocrysts, the other in which 
K feldspar is present as large phenocrysts. In a 
Ww specimens of the first type phenocrysts of 
plagioclase have an outer rim or sheath of K 
iedspar. In samples of the second type, K 
ieldspar embays the plagioclase phenocrysts. In 
the rocks where K feldspar either sheaths the 


plagioclase or embays it, K feldspar is a rela- 
tively late-forming mineral. 

The textural variations, especially the appear- 
ance of large phenocrysts of K feldspar, make it 
difficult to obtain representative samples. The 
modal and chemical analyses in Table 7 are of 
less coarse-textured monzonites and are fairly 
representative of these types. In general, the 
chemical composition of the monzonite por- 
phyries is not so uniform as the diorite por- 
phyries. The monzonites are lower in Si, Ca, 
and Mg, although these constituents, especially 
Si and Ca, show wide variations; Na, K, and Al 
are highly concentrated in the monzonites. The 
Na,0/K:,0 ratio in the monzonite porphyry is 
about 1.50. It should be noted that the mon- 
zonite rock devoid of K feldspar phenocrysts 
contains almost as much K,O as monzonites 
with 9 per cent K feldspar phenocrysts (Table 
7, columns 2, 4). 

The mean and range in concentrations of 
trace elements in the monzonitic rocks from 
Mt. Pennell are compared with analagous data 
on diorites from the Henry Mountains (Table 
8). Trace elements Cu, V, Pb, Sr, and Ba are 
more abundant in the monzonite porphyry than 
in the diorite porphyry. In the monzonite, Cu 
is 6 times more abundant, V 4 times more 
abundant, Pb and Sr about 3 times more 
abundant, and Ba twice as abundant. These 
seemingly significant differences in means were 
checked statistically, using the Student’s T-test 
(Mood, 1950, Chap. 9). The results show that 
for each of the elements Cu, Pb, V, Sr, and Ba 
the probability of the means being due to 
chance is less than 0.01. The enrichment of the 
monzonite in Pb, Sr, and Ba is consistent with 
its higher content of K feldspar. The enrich- 
ment in Cu and V suggests that these elements 
were concentrated in the liquid fractions of the 
Henry Mountain magma types during the 
early stages of their differentiation. 


Mt. Hillers Complex 


The Mt. Hillers complex is the most southerly 
dome from which samples were obtained. 
Samples were obtained from the North Saw- 
tooth Ridge laccolith, the Black Mesa bys- 
malith, the Maiden Creek laccolith, and the 
Trachyte Mesa laccolith in the northeast part 
of the complex (Fig. 1). The samples from the 
North Sawtooth Ridge laccolith are about 5 
miles northeast of the central stock. Those 
collected from the Trachyte Mesa laccolith are 
about 8 miles northeast of the central stock. 
Both the Maiden Creek laccolith and the 
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TABLE 7.—MOoDAL AND CHEMICAL ANALYSES OF MONZONITE PORPHYRY, MT. PENNELL ComPLEx 


1 2 3 | 4 5 6 
(HM 26A) (HM 26B) (HM 20D) | (HM 20F) | (HM 21) (HM 23) 
Modal! Analyses 
Groundmass..................- | 58.5 61.7 53.9 | 44.1 46.7 65.3 
Plagioclase phenocrysts......... | 28.1 27.0 32.5 42.0 42.0 28.4 
2.2 1.4 4.5 3.0 5.0 
4.8 6.1 2.0 1.2 ? 24 
Opaque minerals.............. 1.0 1.1 A 5 
See eee | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 
Chemical Analyses (Analyst, C. G. Engel) 
Trace-Element Analyses (ppm) (Analyst, U. Oda) 
350 350 350 350 


* Includes clinozoisite in vugs. 


t Chiefly calcite, quartz, biotite, apatite, epidote, sphene, chlorite and microcrystalline sericite and 


limonite. 


. (HM 26A) Augite monzonite, 244 miles northeast of Mt. Pennell. 
. (HM 26B) Augite monzonite, 2}4 miles northeast of Mt. Pennell. 
. (HM 20D) Monzonite, Coyote Creek laccolith. 
. (HM 20F) Monzonite, Coyote Creek laccolith. 
. (HM 21) Monzonite, Coyote Creek laccolith. 
. (HM 23) Monzonite, Coyote Creek laccolith. 
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Trachyte Mesa laccoliths are sill-like bodies 
90-100 feet thick with bulged roofs and leading 
edges. The form and interrelations as recon- 
structed by Hunt are shown in his Figure 51 


TABLE 8.—VARIATIONS IN TRACE-ELEMENT 
CoMPOSITION OF DIORITE AND MONZONITE 


PORPHYRIES 
| Group I Group II 
| Diorite porphyry Monzonite porphyry 
| (54 samples) (18 samples) 
| 
Mini- | Maxi- Mini- | Maxi- 
mum | mum | ™ fean | mum | mum | Mean 
(in parts per million) (in parts per million) 


Ba....| 750 | 1500 | 1100 | 1500 | 2000 | 1900 
(o....| <10 15; <10 10 | <10 
Cr...) <20 | <20 | <20 | <20} <20 | <20 


Group I. Diorite porphyries from stocks, lac- 
coliths, bysmaliths, dikes, and sills in the Mt. 
Ellen, Mt. Pennell, and Mt. Hillers complexes. 

Group II. Monzonite porphyries from sills and 
laccoliths in the Mt. Pennell complex. 


(1953, p. 126). All these rocks are diorite 


porphyry. 
Samples from the North Sawtooth Ridge 


| laccolith are the least altered diorite porphyries 


collected in this investigation. Both total rock 
(Table 3, column 4) and hornblende pheno- 
crysts (Table 12, column 4) were analyzed. 
Most other specimens from the Mt. Hillers 
complex are moderately to highly altered. 


| Modal analyses of porphyries from Mt. Hillers 


are shown in Table 9. Their primary mineral 


| composition varies greatly, but the mean com- 


Position is approximately that of diorite 
porphyry throughout the Henry Mountains. 
There are no well-defined differences in com- 


| Position between specimens of diorite porphyry 


collected in the Mt. Hillers complex and speci- 
mens collected in the northern part of the Mt. 
Ellen complex some 18 miles distant. 


TABLE 9. MopAL AND SPECTROGRAPHIC ANALYSES 
OF DIORITE PORPHYRY FROM INTRUSIVE BODIES 
IN THE NoRTHEAST PORTION OF THE MT. HILLERS 


CoMPLEX \ 
Si S| eh 
“a = =| 


Modal Analyses 


Groundmass.| 61.8) 51.3 45.3) 42.8) 52.6) 65.6 
Plagioclase 

pheno- 

22.1) 34.7) 38.9) 39.8) 32.2) 18.7 
Hornblende. .} 13.1} 13.2) 9.9) 12.5) 5.5} 11.4 
Augite...... tr 1.9 8 
Opaque min- 

1.2 2.31 3.6 8 

Total. .... 100.0,100.0 100.0)100.0 100.0)100.0 


Trace-Element Analyses (ppm) (Analyst, U. Oda) 


| 
Ba..........| 1000, 1500 1500) 750 1500 750 
<10| <10| <10) <10| <10 <10 
15, 20 15, 10, 20 
1500, 1500 1500, 1500 1500) 1500 
10, 10| 10 15) 15 
1500, 1500 1500| 2000, 1500 
2000 2000, 5000) 3500 2000) 3500 
78, 100} 100 100, 75} 100 
15) 35) 35) 20 20, 15 
100! 200! 350 350} 350, 350 

| 


* For complete chemical analysis see column 4 
of Table 3. 

t Chiefly chlorite, apatite, epidote, sphene, zir- 
con, and sericite. 
. (HM 48) North Sawtooth Ridge laccolith. 
. (HM 47) North Sawtooth Ridge laccolith. 
. (HM 50) Black Mesa bysmalith. 
. (HM 51) Black Mesa bysmalith. 
. (HM 49) Maiden Creek laccolith. 
. (HM 52) Trachyte Mesa laccolith. 


Aun 


The trace-element composition of rocks from 
the Mt. Hillers complex (Table 9) appears to 
be essentially like that of other diorite por- 
phyries in the Henry Mountains. Any differ- 
ences in trace-element content within the diorite 
porphyries can be demonstrated only with 


6 
1.7 
15 
Cu... «| 2 35 9 10 75 
ee Mn... 500 | 3500 | 1500 1000 | 2000 1500 
<5 5| <5| <5 5| <5 
holes Pb....| <10 75 15 10 150 59 
<10| 10| <10| <10| <10| <10 
aii t....| 1500 | 7500 | 2800 | 1500 | 5000 | 3300 Es a 
cee 100 80 100 750 | 300 
10; 20] 15] 35] 26 
100 | 500 | 340 | 200; 500); 360 
1000 
<10 
500 
<5 
75 
10 
5500 
3500 
750 
35 : 
350 
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much more precise sampling and analytical 
techniques. 


PETROLOGY 


Hunt concluded from stratigraphic and 
structural reconstructions in the Henry Moun- 


porphyry from the Henry Mountains (Table 3, 
columns 9, 10) with an average diorite such as 
that tabulated by Osann, Washington, and 
Daly (Daly, 1914, p. 26) indicates the following 
differences: the diorite porphyry from the 
Henry Mountains contains more Si and Al and 
much more Na but is deficient in Fe and Mg 


16F 
Explanation 
3 
14 3 x Al,O; 
PS 2 + Fe,0; 
@ 
= = 
= © MgO 
5 
8 @ Wo,0 
2b 2 
5 52 54 56 58 60 62 64 66 68 70 72 74 


Per cent Si0,-—> 


3.—ComposiTIon OF AVERAGE DioriTE PoRPHYRY FROM THE HENRY MovunTaAIns PLorrep oN 
A VARIATION DIAGRAM DERIVED FROM DaLy’s AVERAGE BASALT, ANDESITE, DaciTE, RHYOLITE 


(After Bowen, 1928, Fig. 37) 


tains that the porphyries were emplaced at a 
depth of about 1 mile (1953, p. 146). The total 
volume of the exposed intrusive igneous rocks 
is calculated by him (1953, p. 152) to be about 
16 cubic miles. The textural features of the 
porphyries are consistent with this assumption 
of a hypabyssal environment. They are un- 
questionably igneous. There is no evidence of 
stoping or assimilation of wall rock; magma was 
forcefully intruded in those parts of the por- 
phyry now exposed. Presumably the plagioclase 
and hornblende phenocrysts in the porphyries 
began to grow as intratelluric crystals in a deep- 
seated magma chamber from which the por- 
phyries were derived. Later stages in the growth 
of these phenocrysts and the development of the 
groundmass occurred as the porphyries were 
emplaced in their present position. 

The dominant rock type (95 per cent by 
volume) is referred to as diorite porphyry by 
most investigators, but this designation may be 
misleading. The name “diorite porphyry” for 
these rocks is derived from their mineralogical 
and textural features rather than from their 
bulk chemical composition. Comparison of the 
chemical composition of the average diorite 


(Fig. 3). There the concentration of major 
elements in the “average” diorite porphyry 
from the Henry Mountains is plotted on a 
variation diagram based upon Daly’s average 
basalt, andesite, dacite, and rhyolite. The 
diorite porphyry of the Henry Mountains is 
more felsic than Daly’s average andesite, but 
its composition is not widely divergent from 
the curves drawn for Daly’s average rocks. 
Assuming that the curves in Figure 3 represent 
a liquid line of descent during magmatic differ- 
entiation, the divergences that exist are of con- 
siderable interest. The Henry Mountain por- 
phyries could have been derived by the tapping 
of the upper part of a deep magma chamber ol 
andesitic composition in which the first-forming 
mafic crystals were slowly settling. A chamber 
of this type, at the onset of cooling, would con- 
tain crystals of plagioclase with either augite or 
hornblende. The density of the plagioclase 
crystals would be very close to that of the 
liquid, and the crystals would not sink rapidly 
to the base of the chamber. In contrast, the 
augite or hornblende crystals would tend to 
sink and be concentrated in the lower half of the 
reservoir. Even if they tended to be redissolved 
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or recirculated, a gradient in composition prob- 
ably existed from bottom to top of the reservoir: 
the base relatively enriched in Fe and Mg, the 
top in Si, Na, and K, and (because of the sus- 
ynded plagioclase) Ca and Al. The high Na 
content of the Henry Mountain rocks seems 
dificult to explain by a simple, reasonable 
hypothesis. 

Tapping the upper portions of this magma 
reservoir would yield a magma analogous to 
that predominant in the intrusive forms (es- 
yecially the laccoliths, bysmaliths, and dikes) 
of the Henry Mountains. This interpretation 
nay be visualized from inspection of Table 10. 
Incolumn 1 is the composition of the average 
diorite porphyry from the Henry Mountains 
which contains about 10 per cent hornblende. 
ff another 10 volume per cent hornblende (13 
per cent by weight) of compositon HM 48 
(Table 12) is added to this rock the result 
(Table 10, column 2) is a rock very similar in 
composition to Daly’s average andesite (Table 
10, column 3). These relations suggest that 
crystal settling of about half of the hornblende 
iormed in a parental andesitic magma could 
have produced a rock like the porphyry of the 
Henry Mountains. Many andesitic flows in 
western North America contain about 20 per 
ent hornblende or hornblende and pyroxene. 
The abundance of hornblendite inclusions in the 
Henry Mountains porphyries may represent 
arly formed hornblende crystals which have 
xttled out of the magma. 

The diorite porphyry of the Wickiup Ridge 
hecolith is slightly less siliceous and more 
mafic than the average diorite porphyry, and 
the included hornblendes are much more mag- 
nesian than the average. The ratio of Fe/Mg 
in the hornblende in the Wickiup Ridge lac- 
clith is 1.5, whereas the average for horn- 
tlendes in most other porphyries is consistently 
about 2.5 (Table 12). Moreover, the horn- 
blendes of the Wickiup Ridge laccolith are five 
times larger than most hornblendes in the 
Henry Mountains (Table 1). The high Mg 
content and the large size of the hornblende 
aystals suggest that they may have been some 
of the earliest hornblendes to crystallize or that 
the laccolith may have been derived from inter- 
mediate rather than upper parts of the parent 
magma reservoir. 

Within the Mt. Ellen stock and shattered 
ane there are wide variations in the percentage 
of groundmass to coarse (largely intratelluric ?) 
phenocrysts in the diorite porphyry. There the 
‘Porphyries” contain as little as 2 per cent 


groundmass and more than 70 per cent plagio- 
clase (Table 6, column 6). Other porphyries not 
far removed in space and transitional with the 
above type contain more than 56 per cent 


TaBLE 10.—AVERAGE DIORITE PORPHYRY FROM 
THE HENRY MOUNTAINS AND HyPoTHETICAL 
Rock DERIVED By AppING 13 PER Cent Horn- 
BLENDE (By WEIGHT) 


Compared with Daly’s average andesite 


— | 62.47 | 59.72 | 59.59 
AlOs.........| 18.13 | 17.43 | 17.31 
Fe.0; | 1.68 | 2.19 | 3.33 
| 2.45 3.31 | 3.13 
1.28 | 270 2.75 
CaO... | 5.73 | 6.51 | 5.80 
Na... 4.85 4.51 | 3.58 
ee 1.90 | 1.75 2.04 
H.O 77 | 93 1.26 
| 44 | 64 77 
15 | 18 | 18 
| 21 19 26 
ee | 100.06 | 100.06 | 100.00 


1. Average of five diorite porphyries from 
column 9 of Table 3. 

2. Hypothetical rock derived by adding 13 per 
cent hornblende; hornblende analysis from column 
5 of Table 12. 

3. Average composition of 87 andesites from 
Daly (1914, p. 26). 


groundmass and about 30 per cent plagioclase 
phenocrysts. These features are consistent with 
field relations that suggest that the porphyries 
richest in phenocrysts represent clusters of 
crystal-rich magma trapped in breccia pockets 
during the intrusion and cooling of the stock. 
The rocks impoverished in phenocrysts appear 
to represent liquid-rich magma filtered through 
breccias and crystal mats. 

The rocks designated as monzonite also 
appear to have compositional peculiarities. If 
the specimens analyzed during this study are 
typical, the monzonite contains less Si than the 
diorite but more Al, Na, and K. 

The monzonite variant in the central stock 
of Mt. Pennell may represent magma derived 
from the uppermost portions of the parent 
magma reservoir both during and after the em- 
placement of the diorite porphyry. This mon- 
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mnite contains phenocrysts of orthoclase, plagi- 
xlase, some augite, and minor amounts of 
itered hornblende. There is slightly less Fe 
ind Mg and more Na and K than in the average 
jiorite porphyry. The augite phenocrysts ap- 
yar, from the geometry of textures in thin 
gttions, to have formed late in the paragenetic 
gquence. The presence of augite suggests that 
yater and halogens necessary for the formation 
ithornblende escaped through the thin roof of 
wdimentary rocks. 

The field relations of the monzonite and 
rite porphyry differ from place to place. 
Hunt noted (1953, p. 115) that many bodies of 
nonzonite intrude the diorite with fairly sharp 
wntacts. At other places noted during the 
present study contacts between the two rocks 
ue gradational, suggesting a close genetic rela- 
tionship. 

Read (1948, p. 3-4) states that intrusive 
gmeous rocks approximating diorite in com- 
wsition are invariably of hybrid origin. This 
omment of Read’s was prompted by the fact 
that both hypabyssal and plutonic diorite 
atrusives that presumably were derived from 
yimary magmas are rare in the exposed Pre- 
ambrian terranes and uncommon in younger 
tranes in most parts of the world. An im- 
wrtant exception exists in the Cordilleran and 
Coast ranges of western North America. There 
wth plutonic and hypabyssal diorites and 
wartz diorites are abundant. Plutonic diorites 
taving a composition very close to that of the 
prphyries in the Henry Mountains occur from 
jlaska to Mexico. Perhaps the best known 
jlutonic rocks analogous to the Henry Moun- 
aims porphyries are the quartz diorites (to- 
ulities) described by Larsen (1948) from the 
Southern California batholith. (See Table 11, 
lumn 14.) Almost identical quartz diorites 
«eur southward throughout Baja (Lower) 
California and northward into Alaska. 
Hypabyssal porphyritic rocks analagous to 
those in the Henry Mountains are common in 
ither laccolithic mountains throughout the 
Colorado Plateau. These are described by Hunt 
1958) and by Eckel (1949). The great simi- 
arity in composition, mode of intrusion, and 
proximity of these intrusive rocks suggests that 
hey are all derived from the same parent 
magma. Analogous porphyritic quartz diorites 
‘placed near the surface and erupted as 
lows are abundant also in the Yellowstone 
Plateau, the Absaroka Range of Wyoming, the 
voleanic centers of Mt. Lassen and Mt. Shasta 
California, Crater Lake in Oregon, and 


throughout the Sierran complex from Northern 
California to Baja California (Table 11). 
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HORNBLENDES 
Introduction 


The diorite porphyry of the Henry Moun- 
tains contains phenocrysts of hornblende and 
inclusions that are rich in hornblende. In the 
following discussion the phenocrysts are called 
hornblende phenocrysts, and hornblendes from 
inclusions are referred to as inclusion horn- 
blendes. 

Five samples of hornblende phenocrysts were 
extracted from various diorite porphyry in- 
trusions. Ten samples of hornblende were ob- 
tained from inclusions. Brief descriptions of the 
inclusions appear in Table 14. All the horn- 
blendes were analyzed spectrographically by 
U. Oda and E. F. Cooley in the Denver Labora- 
tories of the U. S. Geological Survey. Six of these 
same samples were analyzed spectrographically 
by Elisabeth Godijn at the California Institute 
of Technology, to test the precision between the 
two laboratories. Wet chemical analyses were 
made of five hornblende phenocrysts and one 
inclusion hornblende. In addition, partial wet 
chemical analyses of Fe, Ti, and Mn were made 
on the remaining nine inclusion hornblendes. 
The wet chemical analyses and optical determi- 
nations were made by me. 

The six hornblendes analyzed in detail fall 
into the femaghastingsite and magnesiohasting- 
site subdivisions of the hastingsite group, as de- 
fined by Billings (1928), on the basis of the 
molecular proportions of FeO/MgO: ferro- 
hastingsite, FeO/MgO > 2; femaghastingsite, 
FeO/MgO < 2 but >.5; and magnesiohasting- 
site FeEO/MgO 


Sample Preparation 


Hornblendes were separated from the —100- 
mesh sample of porphyries and from horn- 
blendite and amphibolite inclusions in the 
porphyries. Hornblende concentrates from in- 
clusions were obtained from a —120-mesh and 
+150-mesh fraction. A single exception re- 
quired crushing to —150- and -++200-mesh size. 
Hornblendes from the porphyries were crushed 
to a —100 and +150 mesh. However, one 
sample required crushing toa —150- and +200- 
mesh fraction before a hornblende separation 
was possible. Hornblende concentrates were 
obtained by the combined use of heavy liquids 
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All chemical determinations made together with W-1 run as a reference (See Fairbairn, 1953, Table 1, 
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TABLE 12.—ANALYSES OF HORNBLENDE 


p. 146.) (Analyst, C. G. Engel) 


| 1 es 3 | 4 5 | 6 
| (HM 9) | (HM 15) (HM 22) | (HM 48) (HM 2) | (HM 54) 
39.65 40.30 41.53 39.50 41.34 40.14 
da 13.94 14.17 12.49 14.14 12.76 13.92 
4.60 5.86 5.63 6.98 5.65 6.49 
15.46 13.24 13.22 13.66 9.12 9.56 
7.68 8.48 9.30 12.27 10.94 
11.19 10.93 11.07 11.04 11.68 11.93 
2.19 1.83 1.79 2.06 2.20 2.01 
-98 95 .96 1.02 79 
08 05 .00 05 .00 01 
1.57 1.32 1.40 1.52 1.99 1.98 
17 .16 13 12 10 16 
100.10 99.89 100.23 99.37 100.30 100.24 
Less O for F 13 .09 .08 .08 09 
99.97 99.80 100.15 100.22 100.15 
FeO/MgO (Mol. prop.)..... 4.23 .88 .80 1.04 .42 49 
1.682 1.677 1.669 1.675 1.666 1.675 
1.693 1.688 1.686 1.690 1.679 1.688 
| 1.700 1.696 1.693 1.698 1.686 1.694 
| .018 019 | .024 023 020 019 
Pleochroism 
Hornblende from 
x Z 

1. Horseshoe Ridge laccolith, diorite porphyry, Mt. | pale yellow green blue green 

Ellen complex green 
2. Shattered zone, diorite porphyry, Mt. Ellen complex | pale greenish | yellow green | bluish green 

yellow 

3. Horn laccolith, diorite porphyry, Mt. Pennell com- | yellow green | green blue green 

plex 
4. North Sawtooth Ridge laccolith, diorite porphyry, | pale greenish | green bluish green 

Mt. Hillers complex, 15 miles SE of No.1. yellow 
5. Wickiup Ridge laccolith, diorite porphyry, Mt. Ellen | pale greenish | pale brownish | green 

complex | yellow yellow | 
6. Hornblendite inclusion in No. 4 yellow green | green | blue green 


*Na,O determined for W-1, 2.27 per cent. Adjusted mean for W-1, 2.00 per cent. 
t K.O determined for W-1, 0.69 per cent. Adjusted mean for W-1, 0.63 per cent. 
** TiO. determined for W-1, 1.09 per cent. Adjusted mean for W-1, 1.10 per cent. 
tt MnO determined for W-1, 0.16 per cent. Adjusted mean for W-1, 0.165 per cent. 


and the Frantz isodynamic separator. Samples 
were first run through bromoform, tetrabromo- 
ethane, and diiodomethane, and final cleaning 
was made with the magnetic separator. The 


hornblende concentrates used for analysis 
ranged from 96 to more than 99 per cent putt. 
The contaminants are chiefly feldspar and 
pyroxene with very minor amounts of apatite 
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and biotite (Table 14). The feldspar occurs as 
tiny grains that have not broken free from the 
homblende. Most of the pyroxene occurs as 
iree grains but has about the same density and 
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(Table 12) are those of fragments crushed from 
numerous crystals. The indices were determined 
in sodium light and also in white light in oils 
graduated on .002 intervals. The determinations 


TABLE 13.—StTRUCTURAL FORMULAE OF HORNBLENDES* 


1 2 3 | 4 5 6 
(HM 9) (HM 15) | (HM 22) | (HM 48) (HM 2) (HM 54) 
K 18 18 18 20 | .14 | 
Na 64 2.64 | .54 2.49| 2.48) .61 2.62) .62 2.61, .62 2.61 
Ca 1.82 1.77 1.78 1.81 1.85 1.85 
| 
Mg 1.73 1.91 2.09 1.67 | 2.70 | 2.39 
X) Fe++ 1.96 3.76 | 1.67 3.64 1.66 3.83) 1.75 3.49) 1.13 3.87 1.17 3.60 
Mn .07 .06 .08 .07 | .04 | 04 
| | 
Al 50 61 47 66 47 
Fet++ 53 1.21| .67 1.43] .63 1.26| .81 1.64| .62 1.19| .72 1.41 
Ti 18 15 16 17 | 2 22 
H | 
Si 6.01 6.09 6.25 6.05 6.12 | 6.06 
| 
| 
OH 1.69 1.87 1.88 1.43 | 1.83 | 1.80 


*The structural type is taken as Wo-3 (XY)s (ZsOn)2 (OH, F, Cle. 
1. (HM 9) Horseshoe Ridge laccolith, diorite porphyry. 


M 22) Horn laccolith, diorite porphyry. 


magnetic properties as the hornblende and could 
wt be completely separated from it. Some 
workers claim 99.5-99.9 per cent purity for 
tomblendes extracted from equigranular rocks 
though no evidence is offered to demonstrate 
this purity. In the diorite porphyries a sample 
vith less than 0.5 per cent impurity is rarely 
pssible even after exhaustive hand picking. 
This is due to the fact that crystals are partly 
altered or replaced by calcite, chlorite, and 
sidote, and some contain clouds or clusters of 
ninute inclusions. I found that about 60 hours 
ot hand picking under the microscope was re- 
quired to purify only 2 grams of a sample of 
approximately 99 per cent pure hornblende. 


Optical Properties 


All the hornblendes are green, and all show 


f faint to well-developed zonal growth. The 


indices of refraction determined on each sample 


. (HM 15) Shattered zone, Mt. Ellen, diorite porphyry. 


. (HM 48) North Sawtooth Ridge laccolith, diorite porphyry. 

. (HM 2) Wickiup Ridge laccolith, diorite porphyry. 

. (HM 54) Hornblendite inclusion in North Sawtooth Ridge laccolith (HM 48 above). 


made in sodium light and white light were in 
fair agreement (usually .002), and I believe that 
white light is the better medium for deeply 
colored minerals with high absorption, such as 
hornblende. There seems to be no simple cor- 
relation between chemical composition and 
optical properties of hornblendes. A lack of 
obvious correlations of optics and composition 
of hornblende is implicit in most modern studies 
(Deer, 1938; Buddington and Leonard, 1953; 
Larsen and Draisen, 1950) although there is 
little discussion of the fact, and Winchell’s 
elaborate diagrams (1951, p. 434, Fig. 325) sug- 
gest precise, sympathetic relations between 
optics and composition that cannot be demon- 
strated. 


Chemical Composition 


Wet chemical analyses —The chemical analy- 
ses of five hornblende phenocrysts and one 
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inclusion hornblende appear in Table 12. These 
analyses are computed to the structural formula 
in Table 13. The inclusion hornblende HM 54 
was extracted from an inclusion at the locality 
from which phenocrysts HM 48 was obtained. 
The inclusion was collected about 5 feet from 
the sample of porphyry HM 48 and hornblende 
phenocryst HM 48. This is the only instance 
where it was possible to obtain fresh pheno- 
cryst and inclusion hornblendes from the same 
intrusive body and locality. 

The compositions of porphyries from which 
these hornblendes were obtained appear in 
Table 3. Rocks and phenocrysts have the same 
sample numbers. The hornblendite inclusion 
from which hornblende HM 54 was obtained 
was not analyzed. The textural and mineralogi- 
cal composition of the hornblendite and am- 
phibolite inclusions is given in Table 14. Lo- 
cations of rock and hornblende samples are 
shown in Figure 1. 

Four of the 5 hornblende phenocrysts 
analyzed (HM 9, HM 15, HM 22, HM 48) are 
very similar in composition even though two 
(HM 9 and HM 48) are from localities 15 miles 
apart in separate intrusive complexes. The 
hornblende phenocrysts, HM 9 and HM 2, that 
are from adjacent laccoliths of approximately 
the same composition, showing striking differ- 
ences especially in the molecular proportions of 
FeO/MgO (Table 12). Hornblende HM 2, the 
“aberrant” hornblende phenocryst, is 5 times 
larger than other phenocrysts in the Henry 
Mountains (Hunt, 1953, p. 155). The rock in 
which it occurs is much coarser-grained than the 
average porphyry and contains much less 
groundmass. Phenocryst HM 2 is almost 
identical in composition to the inclusion horn- 
blende HM 54 but is unlike the hornblende 
phenocryst HM 48 from which the inclusion 
came. 

Billings’ study (1928) of hornblendes from 
the Paleozoic igneous intrusive complex of 
northeastern United States and southeastern 
Canada led him to suggest that the molecular 
proportions of the ratio FeO/MgO increases 
with decreasing temperature of crystallization 
of the parent rock. If this generalization is valid 
for hornblende phenocrysts and inclusion horn- 
blendes in the Henry Mountains, then the 
coarsely crystalline phenocryst HM 2 and the 
inclusion hornblende HM 54 were crystallized 
at higher temperatures than the rest of the 
hornblende in Table 12. In an effort to deter- 
mine whether other inclusion hornblendes were 
enriched in Mg relative to Fe, analyses were 
made of total Fe on nine other inclusion horn- 


blendes (Table 14). These analyses were under- 
taken on the assumption that the total Fe 
content of the hornblendes would offer an 
approximate index of its Mg content. As a 
further test of this assumption, the approxi- 
mate Mg content of each hornblende was deter- 
mined spectrographically (Table 14). The data 
show that hornblendes relatively enriched in 
total Fe contain about 50,000 ppm Mg (5 per 
cent); hornblendes relatively low in Fe contain 
about 70,000 ppm Mg (7 per cent). Most of the 
inclusion hornblendes are what Billings classified 
as magnesiohastingsite and may reflect a more 
mafic environment and higher temperature of 
crystallization than most hornblende pheno- 
crysts in the diorite porphyry. The inclusions 
are probably not formed by the clustering of 
crystals formed in equilibrium with porphyry 
enclosing the inclusion. Presumably the inclu- 
sions are either xenoliths or crystal aggregates 
formed in another part of the magma or at an 
earlier stage in its differentiation. These prob- 
lems are considered in the succeeding section on 
origin of the hornblendes. 

Spectrographic analyses.—The concentrations 
of elements obtained spectrographically by Oda 
and Cooley are listed in Table 14, which also 
contains data on Fe, Mn, and Ti obtained using 
wet methods. All analyses of a given type were 
done at the same time to limit the errors in 
precision as much as possible. Elisabeth Godijn 
repeated trace-element analyses of six of the 
same samples of hornblende at the California 
Institute of Technology, and the results of inde- 
pendent analyses of the two laboratories are 
listed in Table 15. Studies of analyses of masked 
replicate samples show variations up to 50 per 
cent from the posted values for most elements. 
This error increases appreciably if the analyses 
are made at different times, even in the same 
laboratory by the same analyst. 

In Table 14 the spectrographic analyses of 
hornblende phenocrysts constitute Group I; 
analyses of inclusion hornblendes form Group 
II. Arithmetic means for the concentrations of 
each element in each group are listed in the 
right-hand column of Table 14. The analyses of 
trace elements in the two types of hornblendes 
corroborate the general conclusion drawn from 
the data on major elements; both hornblende 


phenocrysts and inclusion hornblendes show | 


moderate variations in composition with es-/ 
sentially complete compositional overlap. Eight 
of the inclusion hornblendes are magnesio- 
hastingsite with more Cr, Ni, and Mg and pos- 
sibly less Ti and Mn than four of the five 
hornblende phenocrysts. In the inclusion horn- 


FROM ISIORITE PORPHYRIES AND INCLUSIONS 


rene 


SPECTROGRAPIIIC AND 


14. 


| 


_ Group II 
Hornblende from inclusions in diorite porphyry 


Group I 
Hornblende phenocrysts from diorite porphyry 
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ences are not apparent. The two inclusion 
hornblendes that show the highest concentra. | jyean 
tions of Cr and Ni have a “bleached” appear. | == 
ance and contain numerous oriented opaque 


blendes Zn may be less abundant but this is not 
positively demonstrated. The differences in Ba 
and Sr probably reflect the unequal distribution 
of feldspar impurities but may be intrinsic 


TABLE 15.—SPECTROGRAPHIC ANALYSES OF IDENTICAL HORNBLENDE SAMPLES, MADE IN ‘ 
DIFFERENT LABORATORIES 
FeO 
HM 9 HM 15 HM 22 HM 48 HM 2 HM 54 MgO... 
Ba.............. 150 160) 150) 170 300, 330 200) 280, 150) 185 150| 299 § 
20 25 | 50 26; 50 26; 50 36 29 KO... 
50, 33) 50, 47| 30) 45| 20; 40; 150| as HOt. 
3000 | 3200 3000 2000 3000 | 2300 ©3000 2400 | 3000 2100 | 1500 | 930 
ers ere 30 16 15 15 20 20 20 15 20 14 | 70| 4 Ps. . 
530, 39 70| 70, 41) SO, 41) 70) 65!) 70| 46 
150 330 150; 310; 300| 330 200 | 320: 300, 410 150 | 310 
7000 | 6300 5000 4800 5000 | 4800 7000 6900 | 7000 7700 | 7000 | 510 
V 300 440; 420; 500, 610, 500, 550, 300 500; 470 
69 30, 77 30 43 50) 63) 30) 52} 20) pt less O f 
150 108 200 135 200 145 150 114 100 51 100; 2 
Analyst........| A | B | A| 
Analyst A. ‘Analyses run independently by U. Oda and E. F. Cooley, U. S. Geological Survey. The MRM/M 
figures reported are an average of the two runs. Ms... 
Analyst B. Analyses by Elisabeth Godijn, California Institute of Technology. Meese. 
HM 9. Horseshoe Ridge laccolith, diorite porphyry, Mt. Ellen complex. Meee. 
HM 15. Shattered zone, diorite porphyry, Mt. Ellen complex. a 
HM 22. Horn laccolith, diorite porphyry, Mt. Pennell complex. ae 
fror 


HM 48. North Sawtooth Ridge laccolith, diorite porphyry, Mt. Hillers complex. 
HM 2. Wickiup Ridge laccolith, diorite porphyry, Mt. Ellen complex. t Ratic 
HM 54. Hornblendite inclusion in HM 48, Mt. Hillers complex. 


Hort 
differences in the amounts of these elements in _ inclusions. These inclusions seem to be spinels “ Horr 
hornblendes. that may have exsolved from the hornblende 3 Aa 
The enrichment of Cr and Ni in the more during cooling and aging. Der _ 
magnesian inclusion hornblendes is estab- | Horn 
. 
FeO/ MgO _ halved (decreasing from I to Hornblendes from igneous rocks composition- } in and 
about 0.5). The enrichment of Cr Is accom- “ally like the diorite porphyry of the Henry} 6 Hor 
by in Ni. There is Mountains have been described by Larsen and } tagton, 
The data on Fe** and Draisen (1950) Deer (1938), and others Hornk 
Mg in the inclusion hornblendes prevents a Analyses of similar hornblendes from oe “ountains 
more rigorous correlation between the concen- morphosed granitic rocks have been p _— \ 
trations of Co, Cr, and Ni with these major by Buddington and Leonard (1953). Older seam 
elements. analyses of hornblendes from dioritic rocks are tondac 
Most of the hornblendes contain about 6 discussed by Hallimond (1943). Hornblendes The sim 
ppm Cu. The much higher values in several from inclusions like those in the porphyry are 0m te 
specimens (up to 160 ppm) are probably cor- discussed by Deer (1938) and Hurlbut (1935). ad ugh 
rect, although the reasons for the abrupt differ- | Hornblendes similar in composition to inclusion te — 
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TaBLE 16.—CHEMICAL ANALYSES OF HORNBLENDES FROM OTHER IGNEOUS Rocks, INCLUSIONS, AND 
\yPHIBOLITES, COMPARED WITH COMPOSITION OF HORNBLENDE FROM THE HENRY Mountains, UTAH 


1 2 3 4 | 
| 
40.30 | 43.72 | 42.11 | 38.92 | 39.78 | 41.25 | 40.14 
14.17 | 12.40 | 10.05 | 12.68 | 11.39 | 13.26 | 13.92 
Sr 5.86 | 3.32 2.82 7.42 5.93 | 3.56 | 6.49 
cy hicleaiehape was 13.24 | 14.22 | 15.14 | 14.64 | 14.21 | 13.50 | 9.56 
RE ere re 8.48 9.86 | 11.48 7.86 9.62 | 10.27 | 10.94 
ORR Seer tee 10.93 | 11.64 | 11.34 | 11.24 9.68 | 10.22 | 11.93 
1.83 86 1.01 2.38 1.57 1.82 | 2.01 
95 77 1.43 1.58 1.60 83 | .79 
1.86 1.69 2.02 93 | 2.59 | 1.48 | 1.83 
0 | nd | .06 | nd. 25 06 
1.32 1.44 | 2.76 1.51 1.47 2.96 1.98 
16 n.d nd. | n.d n.d n.d 16 
.53 08 09 | 47 26 
21 18 | nd. 1.20 
99.89 | 100.18 | 100.46 | 100.45 | 100.64* | 99.79 | 100.24 
| | | 
99.80 | 100.10 | 99.94 | 99.97 | 99.74 | 100.15 
0/MgO (Mol. prop).......  .88 | | .74 1.04 83 | .75 | .49 
MRM/MRRf.............. | 93 | 96 | 
1.662 | 1.690, 1.666 | 1.666) 1.675 
1.688 | 1.680 | 1.673 | 1.702 | 1.689 | 1.688 
tence 1.696 | 1.685 1.680) 1.705 | 1.693) 1.689 | 1.694 


*The original analysis published by Buddington and Leonard (1953) contains 0.58 Cl. The Cl is de- 
“ed from this table but is included in the total. 

FeO0+ MnO-+Fe:0; Fe0+ MnO-+Fe:0; 
t Ratio in hornblende to in rock. 

FeO+MnO-+ Fe.0;+MgO Fe0+MnO-+ Fe.0;+MgO 

1. Hornblende phenocryst from diorite porphyry, Mt. Ellen shattered zone. Analyst, C. G. Engel. 
2. Hornblende from Lakeview Mountain tonalite, southern California batholith (Larsen and Draisen, 
80, p. 71, Table 3, column 8). Analyst, F. A. Gonyer. 
3. Hornblende from Glen Tilt diorite, Scotland (Deer, 1938, p. 58, Table 1, column 1). Analyst, W. A. 
Ueer, 
4. Hornblende in vug (miarolitic cavity) in monzonite dike, Bearpaw Mountains, Montana (Pecora and 
fsher, 1946, p. 379). Analyst, F. A. Gonyer. 
5. Hornblende from microcline granite gneiss, northwest Adirondack Mountains, New York (Budding- 
in and Leonard, 1953, p. 894, Table 1, column 1). Analyst, E. K. Oslund. 
6. Hornblende from garnet-bearing amphibolite, northwest Adirondack Mountains, New York (Bud- 
‘ington, 1952, p. 42, Table 3, column 7), Analyst, Lee C. Peck. 
1. Hornblende from, hornblendite inclusion in diorite porphyry, North Sawtooth Ridge laccolith, Henry 
Mountains, Utah. Analyst C. G. Engel. 


mblendes occur in metagabbro of the esting. Hornblende is the most widespread femic 
\iitondack Mountains (Buddington, 1952). mineral in the southern California batholith 
The similarities in composition between the and is the chief dark mineral in the tonalite. 
jutonic tonalites from the southern California Analysis of one of the hornblendes from the 
‘atholith (Larsen, 1948, p. 67, columns 3, 4,7) Lakeview Mountain tonalite (Larsen and 
and the diorite porphyry made comparisons of | Draisen, 1950, p. 71) is given in column 2 of 
tier constituent hornblendes especially inter- Table 16. Analyses of hornblendes from the 
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Henry Mountains, the Glen Tilt complex of 
Scotland, a monzonite dike in the Bearpaw 
Mountains, and the Adirondack Mountains are 
also given in Table 16. 

The hornblendes in the Lakeview Mountain 
tonalite and in the diorite porphyry are alike in 
composition. Larsen and Draisen (1950, p. 
74-75) note that the ratio of FeO + MnO + 
Fe.03/FeO + MnO + Fe.03; + MgO is about 
the same for the rock as for the mafic minerals 
(e.g., hornblende). This is also true for the 
hornblende phenocrysts and enclosing porphyry 
of the Henry Mountains (Table 16, columns 1, 
2). The hornblendes in the southern California 
batholith appear to have concentrations of the 
oxides Fe,O3, MgO, and FeO + MnO syste- 
matically related to the composition of the par- 
ent rock. As plotted against 144 SiO. + K,O- 
FeO-MgO-CaO in the rock, FeO; and FeO + 
MnO in the constituent hornblendes seems to 
increase, whereas MgO decreases (Larsen and 
Draisen, 1950, Fig. 2). 

Hornblende-rich inclusions are abundant in 
the tonalites of the southern California batho- 
lith. Hurlbut (1935, p. 609) interprets these 
inclusions to be xenoliths of associated gabbro, 
variously modified by interaction with the 
tonalite. There are no chemical analyses of the 
inclusion hornblendes, but Hurlbut states 
(1935, p. 622) that their optical properties 
(Nx 1.64-1.664, N, 1.662-1.682) “indicate that 
the hornblendes of the inclusions are higher in 
Mg and lower in Fe than those of the tonalite.” 
If the optical data are diagnostic, there are 
obvious analogies between the hornblendes of 
the Henry Mountains and those in the tonalites 
of the batholith. 

The hornblende-bearing diorites of the Glen 
Tilt complex, Scotland, also contain horn- 
blende-rich inclusions derived from the Perth- 
shire Series of the Dalradian (Precambrian). 
Hornblendes from both rock types have been 
analyzed by Deer (1938, p. 58). He reports 
that the intrusive diorites (appinites) commonly 
contain two hornblendes. One, the first formed, 
is brown; the later generation is green. Neither 
hornblende is interpreted by Deer as having 
formed in equilibrium with magma. The horn- 
blende from “typical Glen Tilt diorite” (Table 
16, column 3) is much richer in Ti and Mg and 
much poorer in Fe,O3; than the hornblende 
phenocrysts in the Henry Mountains (Table 16, 
column 1). 

The hornblendes analyzed by Deer (1938) 
from the xenoliths have a higher content of 
silica (44.2-49.0 per cent SiO») than those from 
the diorites. The molecular proportions of 
FeO/MgO in the xenolithic hornblendes range 
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from 0.29 to 0.49, as compared to 0.49 for the 
inclusion hornblende HM 54 in the Henry 
Mountains. 

The constituent hornblendes in meta- 
morphosed granitic rocks of the northwest 
Adirondack Mountains are of interest in that 
several of them are very like the hornblende 
phenocrysts in the Henry Mountains. An analy- 
sis of hornblende from microcline granite gneiss 
as reported by Buddington and Leonard (1953) 
is listed in column 5 of Table 16. It differs from 
the hornblende phenocrysts from Mt. Pennell 
only in its slightly lower Al and Ca content and 
very high F content. 

The hornblendes described by Buddington 
(1952) from metamorphosed and granitized 
gabbros of the Adirondack Mountains also are 
noteworthy because of their similarity to the 
inclusion hornblendes from the Henry Moun- 
tains (Table 16, columns 6, 7). Except for the 
differences in F and in the oxidation state of Fe, 
these hornblendes are remarkably alike. Bud- 
dington suggested a correlation between Ca 
content of the hornblendes and that of the 
enclosing rocks. This relationship does not seem 
to exist, however, for the rocks and constituent 
hornblendes in the southern California batho- 
lith (Larsen and Draisen, 1950; this report, 
Table 16). The ratio of CaO in parent rock to 
CaO in the constituent hornblende decreases 
markedly with decreasing basicity of the rocks 
in the calc-alkaline line of descent. 

Another hornblende essentially like the 
phenocryst hornblendes has been described by 
Pecora and Fisher (1946). The analysis is listed 
in column 4 of Table 16. This hornblende occurs 
in vugs in a monzonite dike in the Bearpaw 
Mountains, Montana. 

Most analyses of hornblendes published be- 
fore 1943 are tabulated by Hallimond (1943). 
He attempted to correlate their Si content and 
“excess” (more than 2 atoms) of Na + K + Ca 
with the origin and composition of the host 
rock. Both phenocrysts and inclusion horn- 
blendes from the Henry Mountains fall in the 
field of “diorite” hornblendes, near its mutual 
boundary with hornblendes from basalts (Fig. 
4). Hallimond’s elaborate diagram is liable to 
criticism if only because of the probable lack of 
precision between many of the analysts in- 
volved and the impurities of the samples 
analyzed. 
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parent diorite porphyry. The one hornblende 
henocryst from the Wickiup Ridge laccolith is 
wmpositionally unlike the others, and _ its 
parent rock is abnormally coarse-grained. This 
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portion of the magma chamber and intruded 
with more initial heat or volatiles, these con- 
ditions would enable hornblende crystals to 
grow larger, to acquire a higher ratio of Mg/Fe, 
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FicurE 4.—RELATIONS OF HORNBLENDES FROM THE HENRY MOounrTAINS (SOLID AREA) 
TO HORNBLENDES FROM VARIOUS Rock TyPEs 


(After Hallimond, 1943) Total Si content of the hornblendes is plotted against ‘excess’ (more than 2 


wms) of Na + K + Ca. 


smblende also replaces pyroxene. Elsewhere, 
yroxene replaces hornblende. Both the textural 
al paragenic differences at Wickiup Ridge are 
sated by Hunt (1953, p. 105) to be unique in 
teHenry Mountains. One possible explanation 
ithe paragenic, textural, and compositional 
iiferences is that the Wickiup Ridge horn- 
ilnde and associated plagioclase began growth 
athe parent magma before most of the pheno- 
qysts in the exposed porphyries. If the Wickiup 
Ridge type phenocrysts were crystals formed 
uly in the paragenetic sequence they may 
‘ave settled to a different level in the magma 
camber than that supplying most of the in- 
twive rocks in the Henry Mountains. This 
mplies that part of the Wickiup Ridge lac- 
wlth with very coarse-grained crystals was 
“pped from deeper levels of the parent magma 
than the rest of the exposed porphyry. If the 
Coarse-grained porphyry at Wickiup Ridge was 
dtived from a deeper, hotter, and more mafic 


and to prevent late pyroxenes from forming at 
the expense of hornblendes. 

The origin of the inclusion hornblendes is 
obscure because of the enigmatic nature of the 
inclusions themselves. Hunt (1953, p. 164) sug- 
gested that “... the inclusions may be altered 
fragments of diverse wall rock floated from great 
depths, or rock fragments from early differ- 
entiates in the magma reservoir or fragments of 
marginal unfused layers of the substratum from 
which the magma was derived.” The possi- 
bility that these inclusions represent early horn- 
blende-rich segregations is appealing because 
this would readily explain (1) the overlap in 
composition of phenocrysts and inclusion horn- 
blendes, (2) the relative enrichment of Mg, Cr, 
and Ni in most of the inclusion hornblendes, 
and (3) the constancy of mineralogy in the 
inclusions, and (4) their abnormally high horn- 
blende content (80-95 per cent in many in- 
clusions). Inclusions of other rock types are 


|| 
the | 
eta- 
vest 
that 
nde 
aly- 
\eiss Tr. 
953) 
rom 
| 

zton 
ized 
are 

the | | 
the 
Fe, 

Ca 

the 
eem 
uent 
tho- 

: 
ocks 
the 
isted 
curs 
paw 
| be- 
)43). 
+ Ca 

host 
jorn- 
1 the 
utual 
(Fig. 
le to 
ck of 
s in- 
nples 
of thet 
le in} 
f the 


980 


extremely rare in the porphyries of the Henry 
Mountains (Hunt, 1953, p. 164), whereas horn- 
blendite and amphibolite inclusions are 
numerous. 
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ORIGIN OF THE ULTRAMAFIC COMPLEX AT UNION BAY, 
SOUTHEASTERN ALASKA 


By Joun C. RuckMIcK AND JAMES A. NOBLE 


ABSTRACT 


An ultramafic complex at Union Bay, in southeastern Alaska, is an exceptionally well- 
exposed example of a series of similar complexes forming a belt parallel to the Coast 
batholith. 

A body of gabbro, approximately circular in plan and about 6 miles in diameter, in- 
trudes folded sedimentary rocks of probably Triassic and Cretaceous age. A moderately 
low grade of regional metamorphism in the sedimentary rocks is increased to almandite- 
zone grade adjacent to the gabbroic contact. Intrusive into the gabbro is a remarkable 
ultramafic complex which comprises a vertical pipe approximately 1 mile in diameter, to 
which is attached a lopolithic offshoot approximately 5 miles long and 3 miles wide. The 
ultramafic units range through hornblende pyroxenite, pyroxenite, olivine pyroxenite, 
peridotite, and dunite, and both the pipe and the lopolith show a well-developed con- 
centric zoning with dunite in the center and pyroxenite or hornblende pyroxenite on 
the periphery. Magnetite is a primary constituent of the pyroxenite unit. 

The most plausible explanation of the structure and petrology of the ultramafic com- 
plex is a hypothesis of successive injections of an ultramafic magma changing in com- 
position with time and intruded in reverse of the order of crystallization of the com- 
ponent minerals. It has not been possible to explain the gabbro (which is olivine-free) by 
the same mechanism, yet the space and time relationships here, as elsewhere in the 
world, are probably not accidental. It is proposed, therefore, that a body of gabbro was 
emplaced, and into this was injected a plug and associated lopolith first of diopside- 
magnetite magma with minor olivine, then diopside-olivine magma, and finally olivine 
magma, each new magma intruding the central, incompletely solidified portion of the 
earlier magma. Minor mixing and melting explain the composition and distribution 
of the intermediate units of the complex. Lack of contact metamorphism of grade that 
might be expected to accompany intrusions of such high temperature is explained first 
by the fact that the ultramafic magmas were almost everywhere in contact with 
gabbro, not sedimentary rocks, and second by the fact that, being anhydrous, the ultra- 
mafic magmas absorbed, rather than expelled, volatiles. 

The only likely source for magmas of these compositions would be melting portions of 
the mantle, but no proposed mechanism for supplying the energy for this process is 
suggested herein. With an available source of energy, however, it can be postulated 
that magmas would be generated in the succession proposed. The gabbroic magma 
probably would originate as a result of melting at a shallower level. 
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INTRODUCTION 


Many separate bodies of ultramafic intru- 
sions occur in the coastal belt of islands and 
mainland of southeastern Alaska, between 
the open Pacific Ocean and the granodioritic 
masses of the Coast batholith. The ultramafic 
complex of Mount Burnett, at Union Bay, 
35 miles north of Ketchikan, is one of the best 
exposures (Pl. 1). This area is mentioned in 
Buddington and Chapin (1929), Kennedy 
and Walton (1946), and Walton (1951). 

Assistance and advice in the field were given 
by S. P. Clark, T. N. Irvine, G. C. Kennedy, 
W. F. Slawson, R. H. Stebbins, and H. P. 
Taylor, Jr. The manuscript has been reviewed 
critically by A. F. Buddington, Ian Campbell, 
H. H. Hess, J. W. Peoples, H. P. Taylor, Jr., 
C. E. Tilley, and G. J. Wasserburg, to whom 
the authors are indebted for many suggestions. 


GEOLOGY OF UNION Bay 
Metasedimentary Rocks 


The ultramafic and gabbroic intrusive bodies 
at Union Bay crop out 12 miles west of the 
western contact of the Coast batholith and 
intrude a belt of metasedimentary rocks mapped 
and referred to as the Wrangell-Revillagigedo 
metamorphic series by Buddington and Chapin 
(1929, p. 49-74). These rocks have under- 
gone low-grade regional metamorphism to 
marbles, slates, phyllites, and chloritic and 
amphibolitic volcanic greenstones. At Union 
Bay the intrusive rocks are emplaced in a 
sequence of phyllites with a very few inter- 
calated tuffs. 

Problems of correlation of the Wrangell- 
Revillagigedo members leave their age un- 
certain, and Buddington refers to the sequence 
as “probably Ordovician to Jurassic or later.” 


The Union Bay metamorphic rocks are pro} 
ably best correlated with the belt of slate 
graywackes, and greenstones in the vicinity 
of Ketchikan. Here Triassic slates and Cr. 
taceous greenstones have been dated with fair 
certainty on the basis of lithologic, structural, 
and some paleontological evidence. 


Gabbro 


Although the main body of gabbro lies 
south of the ultramafic body, a portion of it 
crops out along most of the high east-west 
ridge north of Cannery Creek, forming a 
relatively thin cap over part of the ultramafic 
complex. Different-sized areas of gabbro also 
crop out along or near portions of the north, 
northeast, and southwest margins of the 
ultramafic body. In many places along the 
margin of the main body of gabbro, where it is 
in contact with metasedimentary or ultra- 
mafic rocks, the gabbro has been partially 
saussuritized. All the smaller bodies of gabbre 
which are separate from the main body 0 
gabbro are completely saussuritized. 


Uliramafic Intrusive Complex 


The over-all form of the ultramafic comple: 
is interpreted herein to be that of a spoon 
shaped lopolith with a feeder (Pl. 4). At th 
east end of the intrusive body, a cylindrica 
plug of dunite, 1 mile in diameter, constitute 
the feeder conduit. On the north, east, anc 
south, the dunite plug is enclosed in peridotite 
olivine pyroxenite, and pyroxenite (in tha 
order) dipping steeply away from the dunt 
core. To the west, the dunite passes grade 
tionally through peridotite into the centr 
portion of the main body of the lopolith. Th 
spoon-shaped lobe, which forms the maj 
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GEOLOGY OF UNION BAY 


tody of the lopolith, exhibits a pronounced, 
athorizontal, compositional layering; layers 
measure from inches to hundreds of feet in 
thickness. The layering is a primary feature 
tht expresses the difference between layers 
in the relative proportions of the two principal 
minerals, diopside and olivine. The more olivine- 
rich rocks, dunite and peridotite, are involved 
in the most conspicuous layering and con- 
stitute the more central portions of the lopolith. 
These units pass outward gradationally (in 
three dimensions) through olivine pyroxenite 
ty pyroxenite, constituting a continuous shell 
a envelope encasing the olivine-rich rocks. 
Homblende is important in the outer margin 
othe pyroxenite shell, forming a hornblende 
proxenite rock. This rock lies between py- 
roxenite and saussurite gabbro or schist, and 
it constitutes the outermost ultramafic unit 
inmost places. 

The hornblende pyroxenite, pyroxenite, and 
much of the olivine pyroxenite are essentially 
ivoid of primary layering, with the exception 
fone feature. Locally in the pyroxenite and 
a the olivine pyroxenite, regular, parallel 
unds of magnetite from a fraction of an inch 
several inches in thickness and from an 
ach to 1 foot apart are present. These mag- 
wtite bands or layers are especially prevalent 
athe western portion of the pyroxenite and 
aplaces are continuous for 100 feet or more 
long the strike. The most continuous ex- 
wsures are in the higher, more central region 
i the lower pyroxenite unit on the western 
ipes. Here the attitude of the magnetite 
tunds is concordant with the attitude of the 
pridotite layering higher in the intrusive 
body, 

Some primary magnetite is present in all 
te igneous rock units at Union Bay. How- 
tet, the most concentrated occurrence is in 
te pyroxenite unit. The most notable con- 
catration of magnetite lies in a zone in the 
pyroxenite and hornblende pyroxenite 
wits along the west and northwest sides of 
theultramafic body, where, over a considerable 
ata, the magnetite content of the rock is 
tmarkably constant. 

Chromite occurs as a minor constituent of 
the dunite, and there are minor amounts of 
aide minerals, mostly pyrite with some 
thalcopyrite pyrrhotite, sporadically 
dstributed throughout the peripheral rocks 
f the ultramafic intrusive mass. None of 
these products of mineralization appear to 
be of economic interest. 
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Tertiary Rocks 


The ultramafic rocks and the Wrangell- 
Revillagigedo metamorphic rocks are uncon- 
formably overlain in some places by a coarse 
conglomerate which has been correlated with 
the Port Camden basal Eocene unit by Bud- 
dington and Chapin (1929, p. 263). The 
conglomerate, metamorphic, and _ ultramafic 
rocks are cut by basaltic dikes and sills. Acidic 
rocks of pegmatitic nature crop out in the 
metamorphic rocks north and east of the 
ultramafic complex. 


DESCRIPTION OF THE FORMATIONS 
Metasedimentary Rocks 


With the exception of a very few tuff beds, 
the Wrangell-Revillagigedo series is represented 
at Union Bay by the low-grade metamorphic 
equivalents of pelitic sediments, most probably 
shales and fine-grained graywackes. Beyond 
the aureole of contact metamorphism the 
dominant rock type is a very fine-grained 
phyllite composed of quartz, sericite, penninite, 
and albite (An), with some graphite and 
traces of apatite, pyrite, and magnetite (speci- 
men 400 of Table 1). 

Fairly continuous sections across the contact- 
metamorphic aureole are rare, but enough are 
found to illustrate the grade of metamorphism. 
The first notable change, generally at about 
1000 feet from the igneous contact, is to 
quartz-oligoclase-almandite-biotite schist, at 
first without increase in average grain size or 
foliation, but gradually increasing in grain 
to a schist, with marked metamorphic segre- 
gation and generally strong contortion. In a 
typical exposure of coarse-grained, foliated, 
and highly contorted schist within 500 feet 
of the igneous contact, the foliation consists 
of biotite-rich bands between bands of re- 
crystallized, granulose quartz and _ oligoclase 
(Aneg to Ango). The leucocratic bands also 
contain a few subhedral crystals of epidote and 
sphene, a few ragged, anhedral grains of horn- 
blende, and traces of interstitial orthoclase. 
In thin section, the regular orientation of the 
biotite is deflected around medium-grained, 
fractured, subhedral garnets and, to a lesser 
degree, around larger grains of quartz and 
andesine. Garnets also include circular or spiral 
patterns of fine-grained biotite typical of por- 
phyroblastic crystal development. The garnets 
are deep red in hand specimen and, on the 
basis of very high indices and complete lack 
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of birefringence, are judged to be almandite. 
The mineralogy and a chemical analysis of a 
typical specimen of this rock (no. 222) appear 
in Table 1. 

The inner part of the metamorphic aureole 
is well exposed just south of Cannery Creek at 
the abandoned cannery. Here, a considerable 
range in composition of plagioclase is present 
in transitional textures. The largest grains 
(1-2 mm) are zoned from Ango (center) to Angs 
(rim). The smallest grains (ca. 0.3 mm) are 
subhedra of the composition Ange to Ans. 
Medium to large (up to 0.8 mm), very irregular, 
interstitial areas are Ang; to Anis. The mineral- 
ogy and a chemical analysis of a representative 
specimen of this schist (specimen no. 192c) 
appear in Table 1. At another location about a 
mile to the south, relatively large (0.7-2 mm) 
almandite garnets, quartz, and zoned plagio- 
clase grains show porphyroblastic development 
with inclusions and local deflection of the bio- 
tite orientation. The porphyroblastic plagio- 
clase is zoned from Ang; (center) to Ango (rim), 
probably indicating a steep temperature gra- 
dient at the contact and reflecting the related 
lack of equilibrium during metamorphism. 

In many places saussuritization has been 
superimposed on the thermal metamorphism, 
converting almandite to aggregates of penninite 
and magnetite, and oligoclase to aggregates of 
clinozoisite, epidote, albite, and quartz. Sphene 
is common in these zones, and green hornblende 
is locally abundant, in places poikilitically 
enclosed in quartz. 


Gabbro and Saussurite Gabbro 


With the exception of marginal areas of one 
to several hundred feet in width, the main 
body of gabbro constituting South Mountain 
and its northward extension capping the ultra- 
mafic intrusion are essentially homogeneous 
texturally and mineralogically. An average com- 
position is 60 per cent plagioclase (Ans5 to 
Any), 15 per cent hypersthene (Eng; Fs33), 
10 per cent diopside, 5 per cent biotite, 5 per 
cent magnetite, and traces of orthoclase, clays, 
sericite, apatite, and hydrous iron oxides. The 
rock is everywhere medium-grained, plagioclase 
crystals ranging from 1 mm to 4 mm and py- 
roxene crystals from 0.5 mm to 2 mm. Most 
outcrops exhibit subparallel orientation of 
pyroxene and plagioclase crystals. This folia- 
tion is more continuous in marginal areas than 
toward the center of the intrusive body, where 
it either shows local variation or is too incon- 
spicuous to map. The chemical composition and 
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mineralogy of a specimen representative of the 
central portion of the main body of gabbro 
underlying South Mountain are given jp 
Table 1 (specimen no. 160). 

The marginal portions of the main gabbro 
intrusive body are dioritic for several hundred 
feet adjacent to the contacts with schist on the 
west, southwest, and south slopes of South 
Mountain. In these areas the mafic minerak 
are hornblende and biotite, and the composition 
of the plagioclase ranges from Anso to Any, 
A specimen collected from the contact with 
schist at a landslide scar on the west flank oj 
South Mountain has the following composition: 
60 per cent andesine, 15 per cent biotite, 10 per 
cent quartz, 10 per cent tremolite and actin. 
olite, 2 per cent penninite, a few anhedral 
garnets, and traces of magnetite, apatite, and 
carbonate. Many of the larger plagioclase 
grains are zoned from Ang; (center) to Any 
(rim). Tremolite and actinolite occur together 
in clusters, probably as a replacement of horn- 
blende. The actinolite is intimately associated 
with small, anhedral grains of magnetite. 

The indices of refraction of both monoclinic 
and orthorhombic pyroxenes from four selected 
specimens were compared in an attempt to 
study the variation in composition throughout 
the gabbroic intrusive body. The variation in 
composition of the monoclinic pyroxene was 
found to be very small, almost within the limits 
of error of the oil-immersion method. The 
hypersthene, however, showed the following 
variation: in two specimens collected from the 
cap of gabbro overlying the ultramafic body, 
31g miles apart, but both within 500 feet of 
the contact with the ultramafic body, the 
composition of the hypersthene is Eng Fss. 
The composition of the hypersthene in a speci- 
men collected from the central portion of the 
main gabbroic intrusive body is Eng Fsss; 
hypersthene in a specimen collected 500 feet 
from the contact with schist on the west slope 
of South Mountain is Ens4 Fess. This trend of 
decreasing percentage of the magnesian mole- 
cule (enstatite) from the ultramafic contact 
(to the north) to the contact with metasedi- 
mentary rocks (to the southwest) is difficult to 
interpret unless the ultramafic body is younger 
and has intruded the gabbro. 

The only clean, but very limited, exposure 
of the contact between the main body of gabbry 
and the ultramafic intrusive body occurs 
Cannery Creek one-half mile east of tidewater 
Nowhere has been found a well-exposed cot 
tact where the cap of gabbro overlies the ultra 
mafic body, although many outcrops of bo 
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intrusive bodies occur at higher elevations near 
rithin 200 or 300 feet of) the contact. All the 
fdd evidence indicates that the contact rela- 
tionships between these two intrusive bodies 
ye similar everywhere. Figure 1 is a graphic 
generalization of these contact relationships. 


(ut from contact 


feet from contact 
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(Magnetite omitted) 


FicurE 1.—ContTact BETWEEN ULTRAMAFIC AND 
GaBBROIC INTRUSIVE BoprEs (GENERALIZED) 


The scale of the veins and mineral grains is much 
ager than the scale of the distance, in feet, from 
the contact. 


In all areas, the ultramafic rock in contact 
vith the gabbro is hornblende pyroxenite, in 
which the relative amount of hornblende 
ireases toward the contact to such propor- 
tins (over 75 per cent) that the rock can be 
med hornblendite. Generally within 100 to 
W feet of the gabbro, the hornblende pyroxe- 
tite exhibits many irregular veinlets of all sizes 
ip to several feet in width composed of clino- 
nsite, epidote, and albite, with or without 
dongate prisms of black hornblende (generally 
uttially or wholly actinolitized). Some quartz, 
urbonate, and sericite are commonly present 
athe veins. At the contact with gabbro, the 
ature and relative proportions of minerals 
ange abruptly to the rock unit mapped and 
ered to as saussurite gabbro (25-50 per 
tnt hornblende and actinolite, 50-75 per cent 
ibite, clinozoisite and epidote). 

The saussurite gabbro commonly exhibits a 
iolation parallel to the contact and concordant 
vith foliation in the gabbro near by. Saussuriti- 
ation of the gabbro disappears inward, away 
ftom the ultramafic contact, through a system 
veins and pods in which the orientation of the 
tomblende is parallel to the orientation of 
Plagioclase and pyroxene in the adjacent, un- 
altered rock (Fig. 1). 


DESCRIPTION OF THE FORMATIONS 
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Because continuous exposures are rare, the 
extent of saussuritization around the margins 
of the main body of gabbre in contact with the 
ultramafic body cannot be accurately deter- 
mined. The distribution of saussurite appears 
to be sporadic, and, in a number of places near 
the periphery of the gabbro cap overlying the 
ultramafic body, unaltered gabbro crops out 
within 100 to 200 feet of the ultramafic rocks 
(PL. 1). 

One specimen of unaltered gabbro collected 
100 feet from the ultramafic contact near Mount 
Burnett contains, besides the normal plagio- 
clase and pyroxenes, an unusual amount of 
orthoclase (15 per cent of the rock). At the 
northeastern extremity of the main body of 
gabbro, in the vicinity of the dunitic core of 
the ultramafic body, the gabbro is unusually 
mafic and contains up to 60 per cent pyroxene 
(approximately equal amounts of diopside and 
hypersthene). 

On both sides of Cannery Creek '4 to 1 mile 
east of tidewater, the gabbro is saussuritized 
over an area of !% square mile, extending sev- 
eral thousand feet away from the ultramafic 
contact. The structure sections suggest that 
this portion of the gabbro may have been just 
under the floor of the ultramafic intrusion before 
erosion. 

Southeast of the contact in Cannery Creek, 
the saussurite gabbro is cut by several horn- 
blendite dikes approximately 3 feet wide. 
These dikes are vertical and strike N. 40° W. 
The saussurite gabbro in this area also contains 
many podlike segregations from 1 inch to 
10 feet in diameter of magnetite surrounded by 
successive rims of diopside and hornblende, in 
that order. 

The marginal portions of the dioritic gabbro 
in contact with schist on the west and south- 
west slopes of South Mountain exhibit minor 
areas of saussuritization. However, the dis- 
tribution of saussurite gabbro around this 
contact is not continuous. Some saussuritiza- 
tion is evident near the contact of gabbro and 
schist 114 miles southeast of the cannery. 
Otherwise most outcrops along the west and 
southwest periphery of the gabbro, including 
one clean exposure of the contact at the land- 
slide scar previously mentioned, show no evi- 
dence of saussuritization. 

The development of saussurite gabbro in the 
main body of gabbro can be considered essen- 
tially, but not entirely, a marginal feature. In 
two or three places in the more central portions 
of the unaltered gabbro, small veins and patches 
of saussurite gabbro were observed. 
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At the southeastern extremity of the ultra- 
mafic intrusion, the main gabbro body pinches 
out between ultramafic rocks and schist. The 
gabbro here is a medium-coarse-grained albite- 
clinozoisite-epidote-hornblende schist, _ briefly 
mentioned in the preceding section of the text. 
The mineralogy and a chemical analysis of this 
rock (specimen no. 223) appear in Table 1. The 
chemical analysis of this schist is very similar 
to that of unaltered gabbro (specimen no. 160). 

Included in the hornblende pyroxenite in 
some places within 200 feet of the contact with 
the overlying cap of gabbro are tabular bodies 
of saussurite gabbro from 6 inches to 20 feet in 
length oriented parallel to the contact. These 
inclusions are best exposed near the western 
extremity of the gabbro cap. 

Bodies of saussurite gabbro of all sizes from 
several inches to several hundred feet long 
appear to be included in the hornblende pyroxe- 
nite along the shore for 1 mile north of the 
cannery site. The larger inclusions are lenticular 
in plan, dip steeply, and trend northwest 
(Pl. 1). The largest of these inclusions crops 
out 500 feet north of the mouth of Cannery 
Creek. At the southeastern extremity of the 
outcrop, the rock is fine-grained, well indurated, 
and vaguely exhibits a thin banding. This rock 
is composed of hornblende partly altered to 
actinolite, clinozoisite, epidote, quartz, albite 
(Ans), penninite, and minor amounts of sericite, 
apatite, and pyrite. The amount of quartz 
ranges from less than 5 per cent to 20 per cent 
of the rock in different specimens. The mineral- 
ogy and a chemical analysis of a representative 
specimen of this outcrop are given in Table 1 
(specimen no. 193). 

Although the exposure is interrupted by 
200 feet of stream gravel, the fine-grained, 
banded rock appears to grade, over a distance 
of 600 feet along the shore, through a coarsely 
banded, gneissic rock into medium to coarse- 
grained saussurite gabbro without any change 
in mineralogy other than a decrease in the 
amount of quartz. 

Specimen no. 130 was collected from a 
strongly banded, fine-grained, granular inclu- 
sion of saussurite gabbro in hornblende py- 
roxenite three-quarters of a mile north of 
Cannery Creek. The mineralogy and a chemical 
analysis of this rock are given in Table 1. 

There are three other areas at Union Bay 
where bodies of saussurite gabbro are distinct 
from each other and separated from the main 
gabbro intrusive body at the present level of 
erosion (PI. 1). They are: (1) two bodies approx- 
imately 1300 feet in the longest dimension 
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which crop out within the northwestern portion 
of the hornblende pyroxenite south of Union 
Point; (2) an elongate, lenticular body 3 miles 
long and as much as 14 mile wide which crops 
out along the northern margin of the ultra. 
mafic body, and separates that intrusive body 
from the metasedimentary rocks to the north: 
(3) an outlying, lenticular body 1 mile long and 
as wide as 1000 feet which crops out in the 
metasedimentary rocks one-quarter mile 
northeast of the ultramafic body near Vixen 
Inlet. 

All these bodies of saussurite gabbro exhibit 
essentially identical mineralogy, textures, and 
contact relationships (against the same rock 
types). An average composition for all saus. 
surite gabbro is approximately 30 per cent 
hornblende, 30 per cent epidote and clinozoisite, 
15 per cent albite (Ang to Anjo), and minor and 
variable amounts of diopside, quartz, actin- 
olite, apatite, carbonate (ankerite), sphene, 
chlorite (penninite), biotite, sericite, magnetite, 
sulfides (pyrite, chalcopyrite, pyrrhotite), and 
hydrous iron oxides. Except for some fine- 
grained inclusions north of Cannery Creek, the 
rock is generally composed of relatively coarse 
grains of hornblende and fine-grained albite, 
epidote, clinozoisite, and minor constituents. 
Foliation is pronounced only in some inclusions, 
or within approximately 100 feet of the contact 
with ultramafic rocks. 

In most specimens hornblende exhibits 
elongate, subprismatic form, although in thin 
section even the best-developed prisms have 
ragged, interlocking boundaries. Many horn- 
blende grains poikilitically enclose fine-grained 
quartz and apatite. Where diopside grains are 
observed, they are very ragged remnant grains 
almost completely replaced by hornblende. 
Two generations of albite are commonly pres- 
ent. Medium-grained anhedra constitute 30 
to 60 per cent of the area of a thin section. 
These grains contain many fine-grained sub- 
hedral to anhedral clinozoisite and epidote 
crystals and commonly some sericite. A later 
generation of fine-grained, unaltered albite 
commonly cuts across and rims the larger 
grains of albite and hornblende. Both clinozol- 
site and epidote are present in most specimens. 
Clinozoisite is the more widespread of the two 
and occurs as very fine grains in albite. Al- 
though epidote also occurs in this way in some 
specimens, it is more commonly developed 4s 
larger, individual, subhedral grains associated 
with hornblende and magnetite. In fields 
fine-grained clinozoisite, there is an invariable 
increase in birefringence and pleochroism 6 
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the clinozoisite to that of epidote adjacent to 


“se mins of hornblende and magnetite. Grains of 
miles ahedral quartz generally make up 3 to 5 per 
crops ft of the rock. Subhedral to euhedral sphene 
ultra. commonly observed in intimate association 


body vith grains of magnetite. Paragenetically, the 
ghene is the later mineral, rimming and cutting 
the magnetite. 
n the | The mineralogy and a chemical analysis of a 
rpresentative specimen (no. 164), collected 
Vixen | fom the saussurite gabbro marginal to the 
north side of the ultramafic body, appear in 
xhibit Table 1. 
Inall specimens of saussurite gabbro studied, 
rock 4 atite (Ans to Anjo) is the only plagioclase 
pesent. Therefore, if this mineral assemblage is 
rpresentative of saussuritization of a gabbroic 
oisite, | ™k originally containing a more calcic plagio- 
sr and | “ase, the metamorphism has been so complete 
actin. | ttat no relict grains of the original plagioclase 
ohene, ae evident in thin section. 
netite, | The contact relationships between saussurite 
), and gbbro and metasedimentary rock have been 
fine. {presented in the preceding section of the text. 
k, the }/2 4 stream channel midway along the north 
coarse |sile of the ultramafic body, and along the shore 
albite, jth of the cannery, contacts between saus- 
uents, | tite gabbro and ultramafic rocks are exposed. 
sions, | [tese outcrops, plus other less continuous ex- 
ontact |>sures in other places, show that the contact 
tdationships between the separate bodies of 
shibits |ussurite gabbro and ultramafic rocks are 
n thin | “entical to the relationships which have been 
; have | “scribed between the margin of the main body 
horn- | gabbro and the ultramafic complex (Fig. 1). 
rained However, the main gabbro intrusive body ex- 
ins are| “bits only peripheral saussuritization over a 
grains distance of several hundred feet against the 
blende.} “tamafic body, whereas the outlying bodies 
y pres-} * completely saussuritized. 
ite 30) At the time of the ultramafic intrusions, the 
ection.} “lying bodies of gabbro, which now crop out 
d sub-} ong the north and northeast margins of the 
epidote itramafic body, probably were not completely 
A later} “Ussuritized, and therefore contained less water 
albite} ‘tn the surrounding metasedimentary rocks. 
larger The complete saussuritization of these gabbros 
linozoi-} ™y be due to the diffusion of water into them 
cimens.} “0m the relatively wet metasedimentary rocks 
the two when temperatures were raised by the ultra- 
ite, Al-f™aic intrusions. Such a possibility has been 
in somef tently suggested by Thompson (1955, p. 98- 
ped af ). On the other hand, the contact between 
sociated the ultramafic intrusive masses and the main 
ields ol! body of gabbro would have been a relatively 
€nvironment. 
oism of *2€ possibility is not precluded that some 
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portions of the rocks mapped as saussurite 
gabbro represent sedimentary rocks highly 
metamorphosed and mobilized by the ultra- 
mafic intrusions, especially the fine-grained, 
banded inclusions in hornblende pyroxenite 
near the mouth of Cannery Creek. However, 
the following evidence supports the conclusion 
that individual bodies of saussurite gabbro are 
saussuritized portions of a single gabbroic in- 
trusion, having been separated from the main 
body of gabbro by the ultramafic intrusions: 

(1) Except for 1.5 to 2 per cent water, the 
chemical analyses of all specimens of saussurite 
gabbro (130, 164, 193, and 223, Table 1) are 
essentially identical to the chemical analysis of 
a specimen from the unaltered portion of the 
main gabbroic intrusion (specimen no. 160). 

(2) The texture and mineralogy of outlying 
bodies of saussurite gabbro are identical with 
that of the portion of the main body of gabbro 
which has been saussuritized along the ultra- 
mafic contacts. 

(3) The contact relationships between out- 
lying bodies of saussurite gabbro and ultra- 
mafic rocks are identical with contact relation- 
ships between the main gabbro intrusive body 
and ultramafic rocks. 

(4) The texture and mineralogy of the saus- 
surite gabbro at Union Bay is similar to that of 
metamorphosed mafic intrusive rocks in other 
regions, such as the albite-epidote-hornblende 
schists or “epidiorites” of the Scottish High- 
lands described by Harker (1932, p. 278-280) 
and others. Most authors assign these rocks to 
the albite-epidote amphibolite facies, embracing 
a grade of metamorphism corresponding to the 
almandine zone as defined for pelitic schists 
(Turner, 1948, p. 88). Therefore, the saussurite 
gabbro at Union Bay can be considered correla- 
tive in metamorphic rank with the zone of 
garnetiferous biotite schist which has been 
developed in the metasedimentary rocks around 
the gabbroic and ultramafic intrusive rocks. 


Ultramafic Intrusive Rocks 


Definitions —The ultramafic rock units at 
Union Bay are defined in Table 2. Distinctions 
between units are purely mineralogical, and the 
terminology employed is intended to be de- 
scriptive of the mineralogy. Divisions between 
the units are based upon the best distinctions 
that can be made in the field. 

Pyroxenite——The pyroxenite is a peripheral 
unit, encasing the spoon-shaped, lopolithic por- 
tion of the ultramafic body. However, the 
thickness of the pyroxenite shell is not sym- 
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metrical about the lopolith. The largest areas the pyroxenite grades outward to hornblende 
of pyroxenite outcrop and the greatest thick- pyroxenite in many areas, and with an increase 
ness of the unit lie around the north and west in the amount of olivine it grades inward ty 
margins of the intrusive mass. The upper por- olivine pyroxenite everywhere. Except for thin 


TABLE 2.—DEFINITIONS OF ULTRAMAFIC Rock UNITS 
All figures are estimated volume per cent. 


Mineral components 
Rock units Albite, 
Diopside bes Olivine Magnetite 
epidote 
Pyroxenite (Px) 45-95 0-15 0-10 0-10 1-40+ tr. 
locally locally 
mode 75 5 5-20 
variable 
Hornblende pyroxenite (Hpx) 10-85 15-90 0-10 0-30+ tr.-20 tr. 
locally 
mode 40 40 10 10 
Olivine-pyroxenite (Opx) 40-90 tr.-10 10-40 - tr.-10 tr.-20 
mode 75 tr. 20 = 3-5 2-3 
Peridodite (Pd) 10-60 tr. 40-90 ai 1-5 tr.-30 
mode 45 tr. 45 = 1-2 5 
Dunite (Du) 0-10 tr. 90+ si tr.-3* 0-30 
mode | 2 95 3-5 


* magnetite and chromite 


tion of the pyroxenite shell, under the cap of bands of magnetite (generally 1-5 cm thick) in 
gabbro, is thinner in section than the lower some areas, the pyroxenite exhibits no struc- 
portion but has the same texture and mineral- ture other than joints and is of monotonous 
ogy. With an increase in amount of hornblende, composition over large areas. It is essentially 


PLATE 2.—PHOTOMICROGRAPHS OF THIN SECTIONS 


FicurE 1.—Photomicrograph of a thin section of magnetiferous pyroxenite from the magnetite-bearing 
zone (X25). Plain light. Subhedral to eubedral grains of diopside with interstitial magnetite (black areas) 
A narrow rim of antigorite is commonly developed between diopside and magnetite. A, antigorite; D, diop 
side; E, epidote; H, hornblende. 

Ficure 2.—Photomicrograph of a thin section cut across a band of magnetite in pyroxenite (X25). Plait 
light. The black areas are magnetite at the edge of the band. The remainder of the field is diopside with trace: 
of hornblende. Note the granulation around the large grain of diopside and the tiny, oriented inclusions 
magnetite near the center of the grain. 

Ficure 3.—Photomicrograph of a thin section of hornblende pyroxenite (X25). Plain light. In this sec 
tion, a relatively large, anhedral, interstitial area of hornblende (gray mineral) encloses a euhedral crystal 0 
diopside (transparent). Two 100 traces of twin planes are evident in this crystal. The black mineral is mag 
netite. Penninite and some epidote occur at the borders between magnetite and hornblende. 

Figure 4.—Photomicrograph of a thin section cut from a small dunite sill in olivine pyroxenite (X25) 
Plain light. The fractured, but undisturbed, subhedral olivine grains enclose an aggregate of anhedral diop 
side grains. The black, opaque mineral associated with the diopside is magnetite. The olivine grains are ap 
proximately 1 mm in size. The fractures, which curve around the inclusions of diopside grains, contain bor| 
lingite. 
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wmposed of diopside with some hornblende 
admagnetite. Fresh surfaces of the rock show 
jak-green, vitreous grains of diopside and 
tack, metallic grains of magnetite. Weathered 
arfaces are medium gray-green with blue- 
my, metallic magnetite standing out in relief. 
The grain size of the rock ranges locally from 
nedium (1 mm) to coarse (1-3 cm). Pyroxene 
gins as large as 10 cm are not unusual, but 
these very Coarse grains are generally in irregu- 
lrdots or veins which cut the finer-grained 
proxenite. The rock is typically equigranular 
wih randomly oriented, equant, subhedral 
gains of diopside. The grain sizes of magnetite 
and diopside generally vary directly because 
the magnetite is interstitial to the pyroxene 


grains. 
Grains of different size in the pyroxenite unit 
ae randomly distributed. From lack of ade- 
quate exposures, it is not known whether there 
ae textures in the pyroxenite and hornblende 
pmoxenite units that could be interpreted as 
tilled margins where these rocks are in contact 
with schist. However, there are enough ex- 
psures of medium- to coarse-grained horn- 
inde pyroxenite at or near contacts with 
abbro and saussurite gabbro to permit the 
werence that there is no chilled zone between 
‘eultramafic and gabbroic rocks. 

Although some thin sections of pyroxenite 
mtain two or three grains of diopside that 
aibit undulatory extinction or strain shadows, 
me than 90 per cent of the grains studied in 
iim section show sharp extinctions. Features 
lut could be interpreted as mortar texture 
mnulated and sutured grain boundaries) are 
wt. Thin sections of two specimens collected 
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from within 300 feet of the upper contact be- 
tween the ultramafic body and the overlying 
gabbroic cap do show a mortar texture. This 
feature is not typical of the contact zone of the 
ultramafic body. The majority of specimens col- 
lected along the outer margin of the pyroxenite 
exhibit no evidence of strain. Mortar textures 
are evident in all thin sections of pyroxenite 
intimately associated with bands of magnetite. 
These are discussed in more detail under the 
heading “Magnetite.” 

A photomicrograph of a representative thin 
section of pyroxenite appears in Plate 2, figure 1. 
Some specimens show considerable diallage 
twinning on the 100 plane. Most of the magne- 
tite occurs in the interstices between diopside 
grains, but many grains of diopside exhibit 
tiny, brownish, translucent inclusions of mag- 
netite regularly oriented parallel to the 100, 
001, 011, and 122 crystallographic directions 
in the pyroxene. These inclusions, which in 
some grains are so concentrated that the py- 
roxene has a dusty appearance in thin section, 
are clustered in the central portions of the 
pyroxene grains and are absent from the periph- 
ery (see Pl. 2, fig. 2). It can be deduced trom 
this feature that the magnetite inclusions are 
not replacement phenomena but rather repre- 
sent ferric and ferrous iron trapped in the diop- 
side lattice at the time and temperature of 
crystallization of the pyroxene and later ex- 
solved as magnetite at lower temperature as 
the diopside grains cooled. 

In almost all cases, a few small (0.2 mm) 
anhedral grains of hercynite spinel are present 
in the magnetite that is interstitial to diopside 
grains. Also invariably associated with the 


PiatE 3.—PHOTOMICROGRAPHS OF THIN SECTIONS 


Ricvre 1.—Photomicrograph of a thin section of textural peridotite (X25). Plain light. Anhedral diop- 
te (D) interstitial to subhedral and euhedral crystals of forsteritic olivine (Ol). All the diopside in this 
jlotograph has parallel extinction. Several of the olivine crystals contain bands of bowlingite and tiny, 
- grains of magnetite (see arrows). One olivine crystal contains a small, euhedral crystal of chromite 
(Cr), 

Ficure 2.—Photomicrograph of a thin section of peridotite (X75). Plain light. A small, euhedral crystal 
divine (Ol) is poikilitically enclosed in a larger grain of diopside (D). The black mineral in the olivine crys- 
us is either magnetite or chromite. 
Ricure 3.—Photomicrograph of a thin section of partially serpentinized peridotite (X25). Plain light. A 
subhedral crystal of olivine (Ol) has been partly altered to antigorite (A) and bowlingite (B). Diopside (D) 
Cntaining much very fine-grained magnetite is interstitial to the olivine. Fractures filled with chrysotile 
(0) occur radially distributed in the diopside around the olivine crystal. Black areas are magnetite. 

‘cure 4.—Photomicrograph of a thin section of fresh dunite (X25). Crossed nicols. Strain shadows are 
‘vident in several of the olivine grains in the right-center portion of the photograph. Note that others exhibit 


crystal faces. 
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magnetite is some hornblende, black in hand 
specimen and pleochroic green to brown in thin 
section. In sections containing only a very 
small amount of hornblende (1 or 2 per cent of 
the rock), this mineral occurs as a fine-grained 
deuteric alteration of diopside, typically at the 
contact between diopside and magnetite but in 
some instances in the interior and along the 
c-axis directions of the pyroxene grains. With 
an increase in the amount of hornblende (5-15 
per cent of the rock), the hornblende also 
appears as medium- to coarse-grained, anhedral, 
ophitic patches in the interstices between 
diopside grains with, in thin section, many 
separate anhedral areas of hornblende in paral- 
lel orientation. In such rocks, a narrow (0.05 
mm) rim of very fine-grained antigorite is 
common as an alteration of diopside grain 
boundaries in contact with interstitial magne- 
tite. Narrow rims of penninite are also common 
between magnetite and hornblende in the same 
rocks. 

In places small, secondary veins of ankerite, 
generally 3 mm-10 mm wide, cut through the 
pyroxenite and hornblende pyroxenite. Diop- 
side and hornblende grains exhibit local altera- 
tion to actinolite, and magnetite shows sec- 
ondary development of earthy hematite adja- 
cent to these carbonate veins. 

All pyroxenite hand specimens and thin sec- 
tions studied contain magnetite in amounts 
from 1 to more than 50 per cent. However, as 
previously mentioned, the magnetite content 
of the rock is constant throughout large areas 
of outcrop. The largest areal concentration of 
magnetite crops out around the west and north- 
west exposures of the lower pyroxenite and 
hornblende pyroxenite units. 

The portions of the lower pyroxenite unit 
that crop out around the north, northwest, 
and west sides of the ultramafic body and the 
upper pyroxenite unit under the gabbro cap 
contain essentially no olivine 200 feet or so 
away from the olivine pyroxenite unit. In these 
portions of the pyroxenite, olivine is found in 
amounts up to 10 per cent of the rock in only a 
very few small areas, and its occurrence can- 
not be traced for more than 100 feet or so in 
any direction. 

The pyroxenite around the northeast, east, 
and south periphery of the ultramafic body in 
the vicinity of the dunite core contains generally 
5 per cent and locally 8-10 per cent olivine. 
Due south of the dunite core the outer margin 
of the ultramafic body is olivine pyroxenite 
which contains 15-20 per cent olivine at the 
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contact with albite-clinozoisite-epidote-horn. 
blende schist. 

Olivine in the pyroxenite unit has the same 
optical properties and textural relationships as 
the olivine of the olivine pyroxenite unit. How. 
ever, the olivine in the olivine pyroxenite jg 
relatively fresh, and that in the pyroxenite unit 
is considerably altered to antigorite, chrysotile, 
and bowlingite, especially within several hun- 
dred feet of the outer margin of the ultramafic 
body. A specimen of pyroxenite collected at the 
contact between the ultramafic body and wall 
rock due east of the dunite core contained 
72 per cent diopside, 20 per cent magnetite 
and 8 per cent olivine completely altered to 
antigorite, chrysotile, and bowlingite. The 
alteration of this rock has been highly selec. 
tive. All the diopside grains are fresh and un. 
altered. 

The indices of refraction of 30 diopside 
specimens collected from various parts of the 
ultramafic intrusive body were determined by 
immersion oils. The relative proportions of the 
diopside and hedenbergite molecules 
were established from charts correlating this 
relative molecular composition and optical 
properties published by Hess (1949, p. 641). 
These determinations are listed in Table 3. The 
results of this study indicate a regular pattern 
of variation in the composition of the diopside 
throughout the ultramafic body. The two ex- 
tremes in composition in Table 3 are represented 
by specimen no. 156 (D7zoH3o0) collected from 
the peripheral hornblende pyroxenite unit and 
specimen no. 183b (DoH;) collected from the 
dunite core. The avgrage molecular composition 
of the diopside in each ultramafic unit in the 
order: hornblende pyroxenite, pyroxenite, 
olivine pyroxenite, peridotite, dunite, is suc- 
cessively richer in CaMgSi,Og and poorer in 
CaFeSi.0¢. This is illustrated in Figure 2, which 
also indicates a parallel trend in the relative 
proportions of MgO and FeO in the olivine of 
the olivine pyroxenite, peridotite, and dunite 
units. 

Of the 30 diopside specimens in Table 3, 13 
were collected from the pyroxenite unit and 
show a variation in composition from DaHz 
to Dsgs His. The variation within the magnetifer- 
ous areas is from D7z3 Ha; to Dgo Ha. The lowest 
value for the diopside molecule (Dzs Hz, speci 
men no. 109) was collected from within 50 feet 
of the schist contact at the northwest edge 0 
the ultramafic body. The more hedenbergiti 
pyroxenes in every portion of the pyroxenite 
sampled are those which are associated with 
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TABLE 3.—CoRRELATION OF OPTICAL INDICES AND COMPOSITIONS OF SPECIMENS 1 
Correlations according to charts published by Hess (1941) and Kennedy (1949). 
te-horn- Spec- a: | | eae 
Rock Type | imen | Mineral Indices Composition | Remarks 
NO. | | 
shipsasf | 3 | 
Pr (plus 109 | Diopside | Z D73Ho7 | 2V = 58 
<a magnetite) | | Y 1.693 
‘enite 1s | X 1.684 
ute unit (plus 76b | Diopside 
rysotile, magnetite) | | _Y 1.690 
ral hun- | X 1.684 
tramafic (plus | 150 | Diopside 4.72 
dat the magnetite) | | 1.691 
| X 1.684 
(plus | 218 | Diopside | Z 1.710 
tered to ir (plus 309 Diopside Z 1.710 
The nagnetite) | 1.688 
ly selec- | X 1.682 
and un- § (plus | 233a | Diopside |Z 1.710 D77Hos 
magnetite) | | Y 1.688 
diopside | | X 1.682 
s of the § M(plus | 32a | Diopside | Z 1.710 D77H23 2V = 5814° 
‘ined by ™gnetite) | | 
the 126a | Diopside Z 1.708 = 59° 
magnetite) | Y 1.687 
ing this | X 1.679 
optical (plus | 316 | Diopside Z 1.709 
p. 641). magnetite) | Y 1.686 
e 3. The | X 1.679 
pattern (plus | 161 | Diopside Z 1.705 
two er ey X 1.676 
| 235 | Diopside ~ 
| X 1.682 
init and f >, | 46 | Diopside Z 1.708 DasHeo 
rom the | Y 1.687 
position | X 1.680 
t in the fh | 168 | Diopside Z 1.707 DeHis 
roxenite, | Y 1.684 
_ is suc- X 1.677 
corer ing | 98 | Diopside Z 1.713 
2, which Y 1.692 
relative». | | 
livine off 51 | Diopside | 1783 
| Y 1.692 
d dunite | X 1.684 
br | 156 | Diopside | Z 1.714 DroHs0 2V = 60° 
ple 3, 13 | 1.693 
init and | X 1.686 
| 144 | Diopside (21.710 
yom | 305 | Diopside Z 1.790 From ore zone; specimen associ- 
a, Speci | Y 1.688 ated with 20 per cent magne- 
n 50 feet | X 1.682 tite, some hematite 
edge olf On | 155 | Diopside |Z 1.707 DsoHis From structural Pd unit; speci- 
nbergiti¢ | | Y 1.686 men assoc. with 20 per cent 
vroxenite X 1.678 magnetite 
ted with n 8 | Diopside Z 1.705 DscHis 
| Y 1.683 
| | X 1.676 
| 
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TABLE 3.—Continued 
imen Mineral Indices | Composition | Remarks 
NO. | | 
9 | Diopside Z 1.705 DscHis | 2V = 58° hi 
Y 1.684 | 
X 1.676 | 
85a | Diopside | Z 1.705 DscHis | Specimen contains more than 1¢ } pj 
| Y 1.682 | per cent hornblende 
| X 1.676 
87a | Diopside Z 1.705 DscHis Specimen contains more than 10 } pi 
Y 1.682 per cent hornblende 
X 1.676 
| 226 | Diopside |Z 1.703 DesHie | 2V = 57° Pi 
Y 1.681 
X 1.674 
| 224 | Diopside Z 1.702 DogyHio All olivine serpentinized Pi 
Y 1.679 
X 1.673 
200 | Diopside Z 1.699 DyHe Textural Pd Di 
Y 1.677 
X 1.670 
225 Diopside Z 1.698 DoHe Structural Pd bi 
Y 1.677 
X 1.670 
183d | Diopside Z 1.698 DogHy Textural Pd bu 
Y 1.675 
X 1.669 
183a | Diopside Z 1.696 
Y 1.672 
X 1.667 
183b | Diopside Z 1.696 DooHi 2V = 59° dx 
Y 1.672 
X 1.667 
8 | Olivine Z 1.714 FozsF az Opx wall rock adjacent to dunite 
Y 1.696 sill; see Pd specimen no. 8; }?t 
X 1.676 optically negative 
9 | Olivine Z 1.714 Fo73F aco 2V = 88°; optically negative Seb 
Y 1.696 
X 1.676 
87a | Olivine Z 1.713 Fo;3F ace Specimen contains more than 10F 
Y 1.696 per cent hornblende. Optically 
X 1.676 negative 
144 | Olivine Optically negative Gh 
Y 1.695 
X 1.675 
305 | Olivine 2.13733 FozF ax Optically negative; from ort Gb 
Y 1.695 zone; associated with magne- 
X 1.675 tite and hematite ; 
6 Olivine ax Opx wall rock adjacent to dunite Gb 
Y 1.695 sill; compare with Pd spec. no} 
| | X 1.675 
226 | Olivine Z 1.693 FossFaj2 Optically negative | Gb 
| Y 1.677 
X 1.658 
8 | Olivine | Z 1.710 Fos; F aig Specimen of dunite sill intrusiv 
| | Y 1.692 | | into specimen no. 8 (pyroxenit! 
| | X 1.672 | wall rock). Optically negative 
155 | Olivine | Z 1.709 | Fog: Fais Optically negative; from dunite Gh 
| | Y 1.692 | sill in structural Pd 
| X 1.672 
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TABLE 3.—Concluded 
| Spec: | | \ 
Rock Type | — | Mineral Indices | Composition | Remarks 
| JNO. | 
| | | 
Pi 6 | Olivine | Z 1.703 | Fos3Faiz | Specimen of dunite sill intrusive 
| ¥ 1.686 | | into specimen no. 6 (pyroxenite 
| X 1.666 | wall rock). Optically negative 
e than 10 } Pi | 200 | Olivine Z 1.694 Fos7F ays | Textural Pd.; Optically negative 
| Y 1.678 | 
| X 1.660 
e than 10 | pi | 225 | Olivine Z 1.695 Fos7Fais | Textural Pd.; Optically negative 
Y 1.679 | 
X 1.661 | 
Pi 227 | Olivine Z 1.695 Fos7Fays | Textural Pd.; Optically negative 
Y 1.679 
X 1.661 | 
d Pi 183d | Olivine Z 1.686 Fog;Faz Textural Pd.; Optically positive 
Y 1.667 | 
X 1.650 
Da 231 | Olivine Z 1.690 FogoF aio | Optically positive; ZV = 88° 
Y 1.671 
X 1.654 | 
i 183a | Olivine Z 1.688 Foy Fas | Optically positive 
Y 1.670 
X 1.654 | 
bu 220 | Olivine Z 1.685 Fo93F az 2V = 90° 
Y 1.668 
X 1.651 
bu 210 | Olivine Z 1.687 Fog3Fa;z 2V = 90° 
Y 1.669 
X 1.650 
dps 115 | Apatite Ne 1.634 Biaxial, small 2V 
No 1.638 
va 205 | Garnet N > 1.770 | Probably Red; isotropic 
t to dunite almandite 
en no. 316 | Ankerite Ne 1.516 In veins in Px 
No 1.696 
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approximately 20 per cent or more magnetite 
and which are closest to the outer margin of the 
ultramafic body. No more detailed pattern of 


separates plus one other diopside separate 
from the dunite core (specimen no. 183b), 
These determinations are plotted on a ternary 
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FicurE 2.—CoRRELATION OF INDICES AND COMPOSITION FOR OLIVINE AND DI0PSIDE 
IN ULTRAMAFIC Rock UNITs 


Per cent determined by correlation of indices and charts by Hess (1949, p. 641) and Kennedy (1949, 


p. 567). 


variation in composition of the diopside within 
the pyroxenite unit could be determined from 
the specimens collected. 

Mineral and chemical analyses of a pyroxe- 
nite specimen collected from the central part 
of the magnetiferous area are given in Table 1 
(specimen no. 32a). The diopside of this speci- 
men and of specimen 109 were separated, except 
for approximately 3 per cent contamination by 
magnetite and some hornblende, and were 
analyzed. The atomic percentages of Ca, Mg, 
and Fe were calculated from these two diopside 


diagram (Fig. 3). Amounts of FeO and Fe,0; 
were subtracted from the chemical analyses to 
correspond with the amount of magnetite con- 
tamination in the separates. Remaining Fe;0;) 
was assumed to be in octahedral (sixfold) co-| 
ordination in the diopside lattice and was) 
recalculated as ferrous iron in the diagram. | 

Specimens no. 183b and 109 represent respec 
tively the magnesian and ferriferous ends ot! 
the spectrum of composition of diopside in the 
ultramafic body. Curve A in Figure 3 is draws 
through the plots of specimens 183b, 32, an‘ 
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(9 to represent the trend of composition of the 
jopside in the intrusive mass. Curve B in 
figure 3 represents the trend of composition of 
he monoclinic pyroxene in the Blashke Island 


crepancy must be due to the amount of Al,O; 
in the diopside, which increases the indices of 
refraction. 

Chemical analyses of the diopside in the 


Fe 


FicurE 3.—CHEMICAL COMPOSITION OF MONOCLINIC PyROXENES IN TERMS OF 
PERCENTAGES OF CA, MG, AND FE 


Points: 1, Specimen 183b (diopside from the dunite core); 2, Specimen 32a (diopside from the magnetite 
ich zone); 3, Specimen 109 (diopside from outer ultramafic contact with schist near the magnetite-rich 
ne). Curves: A, Trend of composition of diopside in the Union Bay ultramafic complex, as determined 
y chemical analyses; B, Trend of composition of monoclinic pyroxenes in the Blashke Islands ultramafic 
plex, after M. S. Walton, Jr. (1951, PhD thesis, Columbia Univ.); C, Trend of composition of mono- 
‘inic pyroxenes crystallizing from common mafic magmas, after Hess (1941, p. 585). 


iltramafic body determined by M. S. Walton, 
It. (1951, PhD thesis, Columbia Univ.). Curve 
‘shows the trend of composition of monoclinic 
wroxenes crystallizing from the more common 
nafic magmas (gabbro, norite, and diorite) 
according to Hess (1941, p. 585). The trend of 
composition of diopside at Union Bay is 7-8 per 
tent more calcic than the trend in the more 
common mafic magmas (curve C) and 3-5 per 
cent more calcic than the monoclinic pyroxenes 
atthe Blashke Islands (curve B). Curve A does 
iall within the relatively limited range of com- 
position for porphyritic pyroxenes in many 
basaltic rocks (Barth, 1931, p. 195). 

An increase in the amount of Al,O; from the 
dunite core to the pyroxenite unit of the lopo- 
lith is conspicuous in the chemical analyses of 
diopside separates from specimens no. 109, 32, 
and 183b. 

A discrepancy is exhibited in Figure 3 be- 
tween the plots by atomic per cent of the more 
ilumina-rich diopsides of the pyroxenite unit 
‘specimens no. 32a and 109) and their relative 
Position on the diopside-hedenbergite line 
according to the position on the line predicted 
by Hess’s optical data (1949, p. 641). This dis- 


pyroxenite unit at Union Bay indicate less 
SiO. and more Al.O3, Fe:O3, and CaO than 
most chemical analyses of diopsides in the 
literature (Hess, 1949, p. 645-666). Analyses of 
chromian diopsides from periodotitic inclusions 
in basalts (Ross, Foster, and Myers, 1954, 
p. 709) are very similar to analyses of the 
Union Bay diopsides, especially with respect to 
the relatively high Al,O3; content. Analyses of 
the pyroxenite and diopside, as well as other 
ultramafic rocks, at Union Bay are practically 
identical to analyses published by Camsell 
(1913, p. 53, 61) for the Lodestone Mountain 
ultramafic body near Tulameen, British 
Columbia. The Lodestone ultramafic body 
crops out near the southern extremity of the 
Coast Range batholith. It does not exhibit 
lopolithic structure but is similar to the Union 
Bay ultramafic body in most other respects. 
Hornblende pyroxenite—The hornblende py- 
roxenite unit is a compositional modification of 
the pyroxenite unit at the contact between 
pyroxenite and wall rock (schist, gabbro, and 
saussurite gabbro) around the perimeter of 
the lopolithic portion of the ultramafic intru- 
sion. The essential compositional and textural 


hes 
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relationships between pyroxenite and horn- 
blende pyroxenite in contact with gabbro have 
been diagrammatically summarized in Figure 1. 

Specimens of pyroxenite representative of the 
more central portions of the pyroxenite unit 
contain an average of approximately 5 per cent 
hornblende. The amount of hornblende asso- 
ciated with pyroxenite commonly increases 
outward toward the wall-rock contact to the 
extent (up to 90 per cent of the rock) that in 
some places the rock can be termed hornblend- 
ite. Also associated with the hornblende 
pyroxenite near the contact are veins and dikes 
composed primarily of hornblende and clin- 
ozoisite. For these reasons the mineralogical 
definition of the hornblende pyroxenite unit in 
Table 2 shows the most variation in composi- 
tion of any of the ultramafic rock units. 

Because it is gradational (Fig. 1), the contact 
between pyroxenite and hornblende pyroxenite 
is the most ambiguous contact mapped within 
the ultramafic body. The relative composition 
of approximately 15 per cent hornblende and 
85 per cent diopside was found to be the most 
convenient mineralogical field boundary be- 
tween these two rock types. 

The width of the hornblende pyroxenite 
generally ranges from 200 to 500 feet and is 
relatively uniform around most of the perimeter 
of the lopolith (Pl. 1). Only traces of hornblende 
(1-2 per cent, or less, of the rock) are present 
locally in the pyroxenite around the eastern 
periphery of the ultramafic body in the vicinity 
of the dunite core, and there is no hornblende 
pyroxenite in this area. Hornblende pyroxenite, 
enclosing small areas of saussurite gabbro, 
crops out over approximately 1 square mile 
along the northern portion of the magnetifer- 
ous area at the northwest periphery of the 
lopolith. That this relatively large area of 
hornblende pyroxenite outcrop is close to the 
floor of the intrusion (within 1000 vertical 
feet) is an interpretation suggested by the 
structure cross sections (Pl. 4). 

Hornblende pyroxenite at or near contacts 
with schist around the northeastern periphery 
of the ultramafic body is generally composed of 
approximately 40 per cent hornblende, 40 per 
cent diopside, 15 per cent magnetite, and a 
few small veins from 1 mm to several cm in 
thickness of hornblende, clinozoisite, epidote, 
and albite. In areas in contact with gabbro or 
saussurite gabbro, the hornblende pyroxenite 
contains more hornblende relative to pyroxene 
than in other areas, and generally 20-30 per 
cent of the rock is composed of hornblende- 
clinozoisite-epidote-albite veins and dikes up 


to several feet in thickness. Good exposures of 
hornblende pyroxenite of this nature crop out 
along the shore line for a distance of one-half 
mile north of the cannery site at the southwest 
edge of the ultramafic body. The rock in this 
area locally contains 70-90 per cent coarse 
hornblende and 10-30 per cent clinozoisite, 
epidote, and albite which are either interstitial 
to the hornblende crystals or in separate veins, 
and only traces of diopside and magnetite. 
The veins and dikes that cut the hornblende 
pyroxenite in this area are composed primarily 
of ragged hornblende crystals, interstitial 
clinozoisite with some epidote and albite, and 
minor amounts of apatite, carbonate, sericite, 
quartz, magnetite, and sulfides (mostly pyrite 
with some chalcopyrite and pyrrhotite). The 
porphyritic hornblende crystals are commonly 
randomly oriented, but radiating groups of 
crystals and crystals oriented perpendicular 
to the walls of the veins or dikes also occur. 
Some of the hornblende in the vein material is 
partially or completely altered to actinolite 
and penninite. These veins and dikes cannot be 
distinguished mineralogically from saussurite 
gabbro rock in either hand specimen or thin 
section. 

Hornblende pyroxenite exposures at the 
cannery site, on the southwest margin of the 
ultramafic complex, are separated from the 
closest exposures of metasedimentary schist by 
approximately 250 feet of stream gravel. Horn- 
blende pyroxenite that crops out in the bed of 
Cannery Creek is unusually fine-grained (larg- 
est grains are hornblende, approximately 1 mm) 
and may be within a few feet of the metasedi- 
mentary contact. The mineralogy and a chemi- 
cal analysis of this fine-grained rock (specimen 
192a) are given in Table 1. 

On the weathered surface of a typical horn- 
blende pyroxenite specimen, the black horn- 
blende contrasts with the gray-green weathered 
surfaces of diopside grains. However, on 4 
freshly broken surface of medium- or fine- 
grained rock, the hornblende can be dis- 
tinguished from the dark-green diopside in 
most cases only with a hand lens. In thin sec- 
tion the hornblende exhibits all the features of 
common black hornblende and is pleochroic: 
X = pale yellow brown; Y = medium brownish 
green; Z = dark brownish green; absorption 
X <Y < Z. Approximately 10 per cent of the 
hornblende grains studied in thin section are 
twinned on the 100 crystallographic plane. 

The textural association between hornblende 
and diopside in all the hornblende pyroxenite 
specimens studied indicates that the hornblende 
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aystallized after diopside. In specimens con- 
ining more diopside than hornblende, the 
hornblende occurs both as a fine-grained 
replacement of diopside, generally along the 
caxis directions and around the perimeter of 
diopside grains and as relatively coarse, an- 
iedral patches interstitial to diopside grains. 
Ina typical specimen of hornblende pyroxenite 
ai this composition that contains medium- 
mined diopside (grains up to 1 cm), ophitic, 
interstitial patches of hornblende exhibit 
prallel cleavage surfaces over areas as large 
315 cm in the longest dimension. The horn- 
jlende commonly encloses subhedral and 
ahedral crystals of diopside as illustrated in 

Plate 2, figure 3. In many thin sections in which 
hornblende encloses diopside grains, the diop- 
ide grains are peripherally altered to actinolite, 
xcurring either as a fine-grained separate 
mineral phase or as a gradational, composi- 
tional variation of the enclosing hornblende 
crystal. 

Textural relationships between hornblende 
and diopside indicate that only a very minor 
portion of the hornblende is a deuteric altera- 
tion formed at the expense of diopside grains. 
The majority of the hornblende can be con- 
idered primary in that it has crystallized in 
the interstices between diopside crystals. 
Therefore, exclusive of gabbroic veins and 
likes, hornblende, plus some magnetite, repre- 
ents the last ultramafic fraction to crystallize 
athe peripheral regions of the lopolith. 

The chemical analysis of a hornblende sepa- 
rate of hornblendite appears in Table 1 (no. 95). 

Olivine pyroxenite—Through an increase in 
the amount of forsteritic olivine, the pyroxenite 
mit everywhere grades inward toward the 
central portions of the ultramafic body to 
ilivine pyroxenite. This contact is transitional, 
gnerally over a distance of approximately 
1 feet measured approximately perpendicular 
to the main structure of the intrusive body. In 
the lopolithic portion of the intrusive body, 
eosion has exposed upper and lower segments 
of the olivine pyroxenite that exhibit subhori- 
wntal attitudes and are essentially symmetrical 
above and below the peridotitic central portion 
of the lopolith. The general distribution of the 
iivine pyroxenite unit throughout the lopolith 
tlects the spoon-shaped structure of the in- 
tusive body. In the eastern portion of the 
iltramafic body, the olivine pyroxenite crops 
out as a sheath, dipping steeply outward, 
ound the dunite feeder but separated from 
the dunite by peridotite. Several relatively 
small, isolated areas of olivine pyroxenite crop 
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out as inclusions in the dunite core. Relation- 
ships between these inclusions and the dunite 
are discussed in the description of the dunite 
unit. Much of the rock included in the perido- 
tite unit, described in the next section of the 
text, is of the same composition as olivine 
pyroxenite. 

The olivine pyroxenite is generally composed 
of approximately 80 per cent diopside and 20 
per cent forsteritic olivine, and this composition 
is remarkably constant throughout the intru- 
sive mass. The variation in composition ex- 
pressed in the definition of the unit in Table 2 
is confined to the margins of the olivine pyroxe- 
nite where it grades into peridotite with an 
increase in the olivine content or into pyroxenite 
with a decrease in the olivine content. 

Olivine weathers more rapidly than diopside 
and appears as brownish-yellow depressions on 
the weathered surfaces of olivine pyroxenite 
outcrops. The rock is generally medium- 
grained and equigranular (grains from 1 to 
8 mm). In hand specimen and thin section the 
textural relationships between diopside and 
olivine are the same. Individual grains and 
clusters of several grains of olivine are scattered 
evenly throughout the rock. Grains of both 
diopside and olivine range from anhedral to 
euhedral, and no convincing age relationships 
can be deduced from observations of their 
mutual boundaries. Both the general texture 
and the relative mineralogical composition of 
the olivine pyroxenite strongly suggest that 
the diopside and the olivine crystallized simul- 
taneously along a cotectic curve. 

The olivine grains in the olivine pyroxenite 
are generally altered to bowlingite along frac- 
tures and around grain boundaries. Many 
olivine grains are also partly or completely 
altered to antigorite, chrysotile, taic, and very 
fine-grained, secondary magnetite, especially 
where the olivine pyroxenite constitutes, or is 
close to, the periphery of the ultramafic body, 
around the eastern and southwestern portions 
of the intrusion. Although minor amounts of 
bowlingite follow fractures in the diopside 
grains, particularly where they are adjacent to 
partly or completely serpentinized grains of 
olivine, the pyroxene is relatively fresh and 
unaltered. In thin section, relatively unaltered 
grains of olivine in a few specimens exhibit 
regular bands of bowlingite which do not follow 
fractures and which contain very fine-grained 
“graphic” magnetite oriented parallel to 
crystallographic directions in the olivine. 

The indices of refraction of the diopside and 
the olivine from several specimens of olivine 
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pyroxenite are listed in Table 3 and Figure 2. 
The range in molecular composition of diopside 
and olivine is from D7; Hy; in specimen no. 144 
to Doo Hio in specimen no. 224 and from Foz 
Fax in specimens no. 8 and 9 to Fogg Faye in 
specimen no. 226. In the cases of both diopside 
and olivine, the relatively ferriferous minerals 
were collected from the western portion of the 
lopolith and the relatively magnesian specimens 
from within 300 feet of the southeastern contact 
of the ultramafic body in the vicinity of the 
dunite core. 

A chemical and mineralogical analysis of a 
representative specimen of olivine pyroxenite 
collected from the western portion of the lopo- 
lith, specimen no. 9 (Dg¢ His; Fors Faz), appears 
in Table 1. 

Peridotite—The peridotite unit constitutes 
the central section of the lopolithic portion of 
the ultramafic body and crops out as a sheath, 
dipping steeply outward, around the north, 
east, and south periphery of the dunite core. 
Along the axis of the lopolith to the west of the 
dunite core, the peridotite grades to the east, 
with decreasing amount of diopside, into 
dunite. In the lopolith, the over-all structure of 
the peridotite unit and smaller-scale structures 
within the unit generally exhibit subhorizontal 
attitudes and reflect the spoon-shaped structure 
of the intrusive body. 

The mineralogical definition of the peridotite 
unit is given in Table 2. Rocks mapped in the 
field as peridotite fall into two categories: (1) 
“textural peridotite,” rocks composed of evenly 
scattered grains of forsteritic olivine and diop- 
side in approximately equal proportions; and 
(2) “structural peridotite,” rocks which have 
the composition and texture of olivine pyroxe- 
nite but which are host to many irregular and 
sill-like intrusions of dunitic material such that 
the bulk mineralogical composition of the rock, 
over an outcrop area of several hundred square 
feet, is within the limits prescribed for the 
peridotite unit. 

Most of the peridotite unit that crops out 
around the dunite core is textural peridotite. 
Structural peridotite is typical of the lopolithic 
portion of the intrusive body and constitutes 
most of the primary structural features mapped 
within the lopolith. 

Individual bodies of dunitic material in the 
structural peridotite are of all sizes and shapes. 
Many have the dimensions and attitudes of sills 
with somewhat irregular but knife-sharp con- 
tacts and attitudes displaying considerable con- 
tinuity in both vertical and horizontal direc- 
tions within the peridotite unit. The thickness 


of these sills ranges from less than an inch to 
more than 50 feet. In several places sills of 
dunite approximately 75 feet thick were con- 
sidered large enough to map as individual units 
on the scale employed. Figure 4 is a sketch of a 


1 
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FicurE 4.—SKETCH OF Two 


Traced from photograph. The sills are approxi- 
mately 75 feet thick and crop out across the top of 
the ridge in center of the illustration. Large bands 
(less clearly defined in the photograph) of py- 
roxenite, olivine pyroxenite, and peridotite can also 
be seen; the peridotite makes the lighter bands in 
the sketch. 


photograph of two parallel sills of this size that 
crop out in olivine pyroxenite across the crest 
of a ridge 1 mile west of the dunite core. The 
uppermost of these relatively large sills sepa- 
rates pyroxenite from olivine pyroxenite and 
creates an anomaly in the usual gradational 
sequence of these two units. 

Many outcrops of peridotite along the north 
and west flanks of the lopolith contain many 
relatively small sill-like and veinlike bodies of 
dunitic material from less than 1 inch to several 
feet in thickness. Although many of the smallest 
of these exhibit regular continuity along the 
strike, many are in the form of irregular veins 
which may or may not follow the general atti- 
tude of the larger sills in the area. In a few of 
the smaller sills and veins, small veins of diop- 
side, generally one or two crystals or 5-10 cm 
thick, cut across the dunitic sills from wall to 
wall and create contradictory age relationships. 

The pyroxene-rich portion of the structural 
peridotite is generally composed of approxl- 
mately 80 per cent diopside and 20 per cent 
forsteritic olivine and cannot be distinguished 
in either hand specimen or thin section from 
specimens of the olivine pyroxenite unit. The 
dunitic material is composed of 85-95 per cent 
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forsteritic olivine and 5-15 per cent diopside. 
Some fine-grained, disseminated magnetite is 
gnerally present in the rocks, especially in the 
pyroxene-rich rocks. Locally magnetite is con- 
centrated in irregular patches or veins up to 
gveral feet long in either rock type, and in 
wme places the larger veins cut across both. 
Traces of hornblende (generally less than 1 per 
cnt of the rock) occur in all portions of the 
yeridotite as alteration of diopside grains. 

The texture of the dunitic material is more 
constant than that of the pyroxene-rich rocks. 
The grain size of olivine ranges between 0.2 and 
13 mm, and diopside ranges from approxi- 
mately 1 mm to 2 cm in the olivine pyroxenite 
rock. In the dunitic material, grains of olivine 
ae generally equant and display anhedral to 
gnerally subhedral crystal outlines. Diopside 
inthis portion of the rock ranges from anhedral 
to subhedral and occurs either as individual 
gains or clusters of several grains in most 
pecimens. Practically all the magnetite in the 
dunitic material is concentrated in these clus- 
tes of diopside grains (Pl. 2, fig. 4). 

Most of the individual bodies of dunitic rock 
ahibit patterns of closely spaced, parallel 
fractures in which one or two directions are 
predominant. In most of the more regular sills, 
the predominant set of fractures is parallel to 
the walls of the sills. Megascopically these 
iacture patterns flow around inclusions of 
divine pyroxenite and bear a remarkable, but 
false, similarity to flow lines. In thin section, 
the fractures cross through olivine grains in all 
directions without disrupting the orientation 
of individual portions of each grain. The pre- 
dominant set of fractures is deflected around 
gains of diopside in thin section in the same 
manner as around the megascopic olivine pyrox- 
enite inclusions (Pl. 2, fig. 4). 

The dunitic portion of the structural peridotite 
sserpentinized to different degrees in different 
laces. In general, the rock is relatively fresh, 
with only minor alteration of olivine to bowling- 
ite along fractures. However, in some specimens 
as much as 50 per cent of the olivine has been 
altered to antigorite, chrysotile, bowlingite, 
and secondary magnetite along fractures. 
_Seven thin sections (including the section 
ilustrated in Pl. 2, fig. 4) were cut at various 
orientations across three specimens of small, 
gular dunitic sills. A study of these sections 
indicates that the olivine grains in these speci- 
mens show no preferred crystallographic orien- 
rg with respect to the dimensions of the 


Periodotite of the relative composition and 


texture designated as the textural type occurs 
in places in the central portions of the lopolith 
but is especially typical of the peridotite which 
crops out around the dunite core. The textural 
relationships between diopside and olivine in 
this rock are identical to the relationships 
between hornblende and diopside in the horn- 
blende pyroxenite unit. Diopside grains are 
typically irregular, anhedral, and _ interstitial 
to equant, subhedral, and euhedral crystals of 
olivine (Pl. 3, fig. 1). In most specimens the 
olivine is medium-grained (1-5 mm), and inter- 
stitial, ophitic patches of diopside commonly 
display parallel crystallographic orientation 
over areas as large as 10 cm in the longest di- 
mension. In some local pyroxene-rich facies of 
the textural peridotite near the dunite core, 
the diopside is even coarser-grained and exhibits 
subhedral crystal shapes. Both the coarse, sub- 
hedral grains and the interstitial grains of 
diopside poikilitically enclose euhedral crystals 
of olivine (Pl. 3, fig. 2). The poikilitic inclusions 
of olivine exhibit more perfect crystal develop- 
ment and are finer-grained than most of the 
olivine in the rock. 

In many places in the structural peridotite 
where dunitic material exhibits a rounded, 
convex contact against the olivine pyroxenite, 
radial fracture patterns occur in the pyroxene- 
rich rock adjacent to the contact. This feature 
is especially obvious where small bodies of 
dunitic rock show a circular cross section. The 
nature of this secondary (post-solidification) 
fracture pattern indicates either that the olivine 
has increased in volume or that the pyroxene 
has decreased in volume. Because the coeffi- 
cient of expansion with temperature is greater 
for olivine than for diopside (Birch, Schairer, 
and Spicer, 1942, p. 32-33), the fractures were 
probably not caused by differential contraction 
as the intrusion cooled. All the dunitic rocks 
associated with this feature contain approxi- 
mately 10 per cent or more of serpentine 
minerals, and possibly the fractures were caused 
by relative expansion of the dunitic material 
during serpentinization of the olivine. The same 
fracture pattern is seen in thin section where 
interstitial areas of diopside enclose partially 
serpentinized grains of olivine. This is illus- 
trated in Plate 3, fig. 3, in which the olivine is 
moderately serpentinized, and radial fractures 
in the diopside are filled with chrysotile. 

The indices of refraction and relative molec- 
ular compositions were determined for several 
specimens of olivine and diopside collected 
from both textural and structural types of 
peridotite from various portions of the ultra- 
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mafic body (Table 3 and Fig. 2). The indices 
indicate that the olivine and diopside in the 
textural peridotite near the dunite core contain 
more of the magnesian molecule relative to the 
ferriferous molecule than specimens from the 
structural peridotite of the lopolith. 

Specimens no. 6 and 8 (Table 3) are speci- 
mens of structural peridotite collected from 
the western portion of the lopolith and consist 
of olivine pyroxenite wall rock and small, 
regular sills of dunitic material approximately 
1 inch thick. Two determinations of the olivine 
constituent were made of each specimen: one 
from the sill of dunitic material and one from 
the olivine pyroxenite wall rock. The olivine 
of the dunitic portions of specimens 6 and 8 
contains respectively 4 and 3 per cent more of 
the forsterite molecule than does the olivine 
of the wall rock in the same specimen. This 
difference definitely exceeds the limits of error 
of the oil-immersion method and suggests the 
possibility of a hiatus between the olivine of 
the wall rock and the olivine in the dunitic sills. 

A chemical and mineralogical analysis of a 
specimen of textural peridotite (specimen 
no. 200) collected from near the dunite core 
appears in Table 1 (see also PI. 3, fig. 3). Also 
in Table 1 is a chemical and mineralogical anal- 
ysis of specimen no. 6, which is dunitic material 
collected from a sill in structural peridotite in 
the western portion of the lopolith. An approxi- 
mate average composition of the structural 
peridotite in this area can be calculated from an 
average between the analyses of specimens 
no. 6 and 9 (the latter is olivine pyroxenite 
from this area) using a one-to-one ratio. 

Dunite—The dunite core, cropping out over 
an area slightly larger than 1 square mile, con- 
stitutes the predominant feature of the eastern 
portion of the ultramafic intrusive body. The 
general shape of the dunite outcrop is that of a 
vertical plug essentially circular in plan, al- 
though it grades to the west into the peridotitic, 
central portion of the lopolith. Judged from its 
intersection with the topography, the outer 
contact of the dunite is either vertical or steeply 
dipping outward to the north, east, and south. 
This contact is everywhere abruptly gradational 
to peridotite through an increase in the amount 
of diopside relative to olivine in the rock. 

The mineralogical definition of the dunite 
unit is given in Table 2. The bulk mineralogical 
composition of the dunite plug is approximated 
by the mode given in the table. The olivine is 
generally equant and subhedral and is medium- 
grained throughout the entire unit (grains 
from 1 mm to 5 mm). Diopside ranges from 


medium- to coarse-grained and generally occurs 
as scattered anhedral grains interstitial to the 
olivine. In some places veins of diopside from 
less than an inch to several inches in width cut 
the dunite. The diopside crystals in these veins 
are medium- to coarse-grained and are generally 
subhedral. In one locality in the northern part 
of the dunite core, the dunite contains many 
closely spaced, parallel layers of subhedral, 
medium-grained diopside crystals. These layers, 
which range from one-quarter inch (one or two 
crystals) to several inches in thickness, exhibit 
a remarkable continuity over a distance of 
300 feet along their strike. The layers strike 
north-south and dip 38° west. In places the 
layers show a gradation upward in the amount 
of diopside relative to olivine (which decreases 
upward) but not in the size of the diopside 
crystals. These features resemble the primary 
layering described in a number of basic intru- 
sive bodies such as the Skaergaard (Wager and 
Deer, 1939), and they imply gravitational 
settling of crystals from a crystallizing magma. 

Both chromite and magnetite occur in the 
dunite in finely disseminated, subhedral to 
euhedral grains, many of which are poikilitically 
included in grains of both olivine and diopside. 
In a few places in the dunite plug, chromite is 
concentrated in small, irregular veins from 
6 inches to 3 feet in the long dimension. 

Fifteen separate bodies of olivine pyroxenite, 
large enough to be mapped on the scale em- 
ployed, crop out within the dunite core. These 
appear to be inclusions. The largest body of 
olivine pyroxenite is approximately 650 feet 
in the longest dimension exposed. One of the 
olivine pyroxenite inclusions is tabular and dips 
northeast at 40°. The other bodies are irregular. 
Contacts between the olivine pyroxenite and 
the dunite are sharp and highly irregular, with 
many irregular apophyses of dunite extending 
into the olivine pyroxenite around the 
perimeters of the inclusions. 

The dunite is serpentinized to different de- 
grees in different places, but the majority of 
the rock is relatively fresh, as indicated in 
Table 2. Two distinct colors of weathered sur- 
faces are seen throughout the dunite core. 
Olivine partially altered to serpentine minerals 
weathers a light brownish yellow, and that 
which is fresh and unaltered weathers to 4 
darker reddish brown. Probably 60 per cent 
of the exposed surface of the dunite plug has 
been partially serpentinized and weathers yel- 
low, and approximately 40 per cent is fresh 
and weathers brown. The irregular areas of 
different-colored rock vary in size but are 
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generally as large as 500 to several thousand 
jet in one dimension. There is no pattern to 
their distribution except that the periphery of 
the plug and the areas of dunite surrounding 
the olivine pyroxenite inclusions are invariably 
gmewhat serpentinized for a distance of 200 
fet or more away from the contact. 

In a typical specimen of partially serpen- 
tinized dunite, only 5-10 per cent of the olivine 
has been altered to bowlingite, antigorite, 
chrysotile, and secondary magnetite along 
fractures. In a few specimens, the serpentine 
minerals constitute 20-30 per cent of the rock. 
In thin sections of fresh dunite, many of the 
divine grains have subhedral to euhedral out- 
lines. Some grains have irregular, interlocking 
boundaries and exhibit wavy extinctions or 
strain shadows (PI. 3, fig. 4). One or two grains 
ineach thin section generally exhibit true mor- 
tar texture with granulated grain boundaries. 

The depth of weathering of the dunite is 
approximately the same, about 1 cm, in all 
outcrops of both fresh and partially serpen- 
tinized rock. Freshly broken surfaces of the 
dunite are black, but the edges of olivine grains 
are clear and vitreous under a hand lens. The 
diopside associated with the dunite core and 
the peridotite in the vicinity of the core is a 
brighter green and can be distinguished from 
the dark-green diopside of other portions of 
the ultramafic body. As indicated in the chemi- 
cal analysis of specimen no. 183b in Table 1, a 
chromium content of approximately 0.2 per 
cent is at least partly responsible for the 
brighter green color. 

Both the diopside and the olivine in the 
dunite plug are the most magnesium-rich 
varieties collected from the ultramafic body. 
The relative molecular composition of two 
specimens of diopside collected from the dunite 
core is DggH, as determined from their indices 
of refraction (specimens no. 183a and 183b in 
Table 3). The range in composition of four 
specimens of olivine collected from various 
parts of the dunite core is from FoooF aw (speci- 
men no. 231) to FossFa7 (specimens no. 183d, 
210, and 220, Table 3). 

A chemical analysis of a pyroxene mineral 
“parate from specimen no. 183b is given in 
Table 1. Also given in Table 1 are chemical 
and mineralogical analyses of a specimen of 
fresh, unaltered dunite (specimen no. 231) and 
4 specimen of partly serpentinized dunite 
(pecimen no. 183a), both collected from the 
dunite plug. 


Magnetite 


As the preceding descriptions have indicated, 
all the ultramafic rock units and most portions 
of the gabbro and saussurite gabbro units con- 
tain some magnetite. However, the most no- 
table concentration of magnetite crops out 
around the west and northwest portions of the 
lower pyroxenite and hornblende pyroxenite 
units. 

Twenty-five polished section mounts of 
various types of magnetite distributions were 
studied. Of these 25 mounts, 16 were made from 
specimens collected from the magnetiferous 
area. The textures and distribution of the mag- 
netite throughout the ultramafic body clearly 
indicate that the magnetite is a primary con- 
stituent of the ultramafic rocks, except for 
magnetite which results from serpentinization 
of olivine. 

The textural relationships between magnetite 
and rocks with which it is associated are of four 
types: (1) fine-grained, euhedral magnetite 
disseminated in, but constituting only a very 
minor amount of, the dunite core; (2) regular, 
closely spaced, parallel bands; (3) large, irregu- 
lar clots and irregular veins up to several feet 
in the longest dimension; and (4) disseminated 
fine- to coarse-grained, anhedral magnetite 
interstitial to diopside and commonly evenly 
distributed throughout the rock. 

The first type of textural association is pres- 
ent only in specimens collected from dunitic 
material in the vicinity of the dunite plug. 
Chromite is found in the same specimens in the 
same texture and in approximately the same 
amounts. Because most of the magnetite in the 
ultramafic body is associated with pyroxenite 
in textures that indicate that most of the mag- 
netite has crystallized after the diopside, 
different physicochemical conditions are indi- 
cated by the fine-grained magnetite that has 
crystallized euhedrally and apparently either 
before or contemporaneously with the olivine 
in the vicinity of the dunite core. 

Regular, thin bands or layers of magnetite 
crop out in only a few places in the pyroxenite 
and olivine pyroxenite units. They are generally 
0.5-4.0 cm thick and are remarkably parallel 
and continuous over distances of several hun- 
dred feet. In some places near the periphery of 
the intrusive body, the bands exhibit undula- 
tions or open folds. The diopside grains near 
the bands show granulation and some irregular 
extinctions or strain shadows. Diopside grains 
immediately adjacent to or included in the 
bands are anhedral and generally less than 
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0.5 mm in size. Plate 2, figure 2 is a photomicro- 
graph of a thin section cut perpendicular to a 
band of magnetite. 

Probably 90 per cent or more of the magnetite 
in the ultramafic intrusive body is present in 
the pyroxenite and hornblende pyroxenite 
units in the fourth type of textural association. 
In a representative specimen of fine-grained 
rock from the magnetite-rich zone, the pyroxene 
grains range from 1 to 4 mm and the magne- 
tite grains from 0.07 to 2 mm. In the coarser- 
grained rock, pyroxene grains range from 2 to 
15 mm and the magnetite grains from 1 to 
10 mm. Magnetite that exceeds 1 mm is almost 
invariably composed of several irregular grains, 
rarely larger than 3 mm. The pyroxene grains 
in all grain sizes range from anhedral to euhe- 
dral but are generally subhedral and equant. 
The interstitial magnetite is very irregular and 
inequant (Pl. 2, fig. 1). The primary textural 
relationship indicates that the most of the 
magnetite has crystallized in the interstices 
between diopside grains. 

In several specimens of pyroxenite collected 
from, or near, the contacts between pyroxenite 
and schist, most of the magnetite is irregular 
and interstitial to diopside, but grains of diop- 
side poikilitically enclose small, subhedral 
grains of magnetite. This texture indicates 
that some magnetite had commenced crystal- 
lization during crystallization of diopside. 
This texture is peculiar to these specimens and 
is probably the result of especially rapid crystal- 
lization of the rock at the contact with schist. 

Most of the polished mounts of magnetite 
contain some ilmenite, both as independent 
grains and as exsolution lamellae in the magne- 
tite. Independent ilmenite grains are generally 
irregular, anhedral, and peripheral to larger 
grains of magnetite. The textures in some 
mounts indicate that ilmenite has replaced 
magnetite along crystallographic directions in 
the latter. Individual grains of ilmenite com- 
pose approximately 1-3 per cent of the opaque 
minerals in those mounts in which they occur 
and range in size from 0.06 mm to 0.6 mm. The 
most common size is 0.15 mm. Approximately 
75 per cent of the magnetite grains exhibit 
exsolved blades of ilmenite along octahedral 
directions in the magnetite. In a typical ex- 
ample, there are a few larger blades which may 
run the length of the magnetite grain (up to 
3 mm) but are not more than 0.005 mm in 
width, plus swarms of smaller, oriented blades 
grading in size from 0.04 mm in length down to 
the limits of resolution of the microscope. The 
ilmenite present as blades of all sizes is visually 
estimated to compose 2-5 per cent of the 


opaque material. Small (0.02 mm) blades of a 
gangue mineral are also present in amounts of 
approximately 1-2 per cent, oriented along 
cubic-directions in the magnetite. The identif- 
cation of this mineral in polished mounts is 
difficult, but extrapolation from thin-section 
studies indicates that it is most probably 
hercynite spinel. 

Since there are all gradations in size of ilmen- 
ite blades in the magnetite, there is reason to 
believe that there are ilmenite blades below the 
limits of resolution of the microscope. Approxi- 
mately 20 per cent of the magnetite grains 
appear slightly anisotropic. This probably indi- 
cates that TiO, is present either as submicro- 
scopic lamellae or actually substituting for 
FeO; in the magnetite lattice. 

Local and minor amounts of earthy hematite 
are associated with ankerite veinlets in some 
areas of hornblende pyroxenite and pyroxenite. 
Both megascopic and microscopic textural 
relationships show that this is a secondary 
alteration of magnetite. There are also minor 
amounts of sulfide minerals around the periph- 
ery of the ultramafic body. Most of the sulfide 
minerals are in the ultramafic rocks, generally 
hornblende pyroxenite, but minor concentra- 
tions occur locally in saussurite gabbro. The 
sulfides are mostly pyrite with some pyrrhotite 
and chalcopyrite and traces of marcasite. Some 
magnetite is intimately associated with the 
sulfide minerals. 

The sulfides generally occur as individual 
grains disseminated throughout portions of the 
rock, but there are a few irregular and discon- 
tinuous veins. In the ultramafic rocks, pyrite is 
the only sulfide mineral which shows euhedral 
crystal development. Pyrrhotite and chal- 
copyrite occur as irregular grains, generally 
interstitial to silicate minerals. The texture 
studies in polished mounts indicate the follow- 
ing general paragenetic relationships: 


ilmenite; 
(exsolution) 
magnetite; 

marcasite 


chalcopyrite-magnetiter 


magnetite; = primary magnetite. 

magnetiterr = secondary magnetite, a product of 
serpentinization. 

* exsolved ilmenite and peripheral grains of ilmenite 
are most logically explained by two separate 
generations. 

** only definite relationship between pyrite and 
other opaque minerals is that chalcopyrite 
veins pyrite. Chalcopyrite also veins py™ 
rhotite. 
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ORIGIN OF ULTRAMAFIC Rocks 


Relationships Between Gabbro and 
Ultramafic Rocks 


In other localities in southeastern Alaska, 
ad in other regions of the world, relatively 
gall, intrusive ultramafic bodies of the type 
aposed at Union Bay invariably show space 
gationships with gabbro intrusions generally 
jmilar in size and mineralogy with the rocks 
scribed here (Aho, 1956; Camsell, 1913; 
Dresser, 1913; Grout, 1918; Hjelmqvist, 1949; 
Ingerson, 1935; Little, 1949; Walton, 1951; 
lweritsky and Betekhtin, 1937). 

From his study of the ultramafic complex at 
he Blashke Islands, southeastern Alaska, M. S. 
Walton, Jr. (1951, PhD thesis, Columbia 
(niv.) concludes that the “gabbro ring’’ peri- 
pheral to that ultramafic plug, although dis- 
ontinuous, has been developed by fusion and 
nobilization of metasedimentary wall rock 
iy the ultramafic intrusion. This hypothesis 
ails to explain the relationships at Union Bay. 
The igneous textures, intrusive relationships, 
nd peripheral metamorphism of metasedi- 
nentary wall rocks around the main body of 
abbro at Union Bay indicate that the gabbro 
vas emplaced as a magma. The ultramafic 
magma probably did not contain enough heat 
excess of the latent heat of fusion to melt a 
vdume of wall rock approximately equal to or 
wssibly even greater than the volume of the 
itramafic body. There is no evidence at con- 
acts between ultramafic rocks and schist that 
nore than minor amounts of a few components 
ithe wall rocks, mostly water, were mobilized 
‘y heat from the ultramafic intrusion. 

Although the composition of the mineral 
liopside, as determined by refractive indices, 
id the general chemical composition of the 
ticks are somewhat similar on both sides of the 
ntacts between hornblende pyroxenite and 
aussurite gabbro (Table 1), there is no other 
widence that the ultramafic and gabbroic 
tocks could have been differentiated from a 
‘mmon magma, either in the site of intrusion 
t anywhere else. Any mechanism of differ- 
‘atlation would fail to explain the distribution 
at the gabbro around the ultramafic body, the 
atrusive relationships between the ultramafic 
‘dy and gabbro, and the absence of comple- 
mentary, intermediate, or gradational rock 
Except for inclusions of saussurite 
zabbro and veins of material similar to saus- 
‘ute gabbro in the hornblende pyroxenite, 
which are marginal, essentially contact, fea- 
‘ures, not one plagioclase grain has been ob- 
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served in 7 square miles of outcrop within the 
ultramafic intrusive body. 

The only tenable explanation of the relation- 
ships between ultramafic and gabbroic rocks at 
Union Bay must incorporate a hypothesis of 
two intrusions separated by enough time to 
allow the earlier intrusive body to become 
largely or wholly crystalline. The lack of chilled 
margins in either gabbroic or ultramafic rocks 
at their mutual contacts implies that the time 
gap separating the two intrusions was rela- 
tively short. 

Age relationships between gabbroic (and 
saussurite gabbro) and ultramafic rocks are not 
obvious from their contact relationships (Fig. 
1). Veins of albite, clinozoisite, epidote, and 
hornblende that cut through the hornblende 
pyroxenite at or near the contact cannot be 
taken as criteria that the gabbro is the younger 
of the two intrusions. Dikes of hornblendite 
that cut the gabbro near the contact are con- 
tradictory evidence, and the development of 
saussuritization of gabbro along the ultramafic 
contact is a feature clearly superimposed upon 
the main gabbroic intrusive body. Furthermore, 
in the general case of an ultramafic magma in- 
truding hot, gabbroic rocks, a eutectic or 
cotectic mixture of the least refractory constitu- 
ents of the gabbro would be the first material 
(if any) to be mobilized by temperature and 
pressure conditions at the contact, with or 
without the presence of water, and these would 
normally be expected to recrystallize after the 
more refractory minerals of the ultramafic 
body had crystallized, in which case the appar- 
ent age relationships would be reversed and 
misleading. 

A conclusion that the gabbro is earlier than, 
and intruded by, the ultramafic body is pref- 
erable. The alternative hypothesis that the 
gabbro is later than the ultramafic body would 
fail to explain the following features: 

(1) Inclusions of saussurite gabbro in the 
hornblende pyroxenite, in some cases close to 
and oriented parallel to the contact with the 
main body of gabbro. 

(2) Dikes of hornblendite cutting the gabbro 
at or near the contact with hornblende pyrox- 
enite. 

(3) Mineralogical asymmetry of the main 
gabbro intrusive mass: the apparent interrup- 
tion by the ultramafic body of both the general 
trend toward a dioritic periphery and the trend 
of composition of the mineral hypersthene 
(see the detailed description of the gabbroic 
rocks). 

(4) The pattern of distribution of the gab- 
broic rocks around the ultramafic body and the 
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three-dimensional symmetry of the ultramafic 
intrusion against the gabbro contacts. Nowhere 
can it be demonstrated that the gabbro has cut 
out or cut across a unit of the ultramafic intru- 
sive mass. 


Nature of the Ultramafic Magma 


In the geologic literature of the past 30 years, 
there has been considerable discussion about 
the physical nature of ultramafic magmas. The 
experimental work of Bowen and Schairer (1935) 
with the system MgQO-FeO-SiO, indicates 
that magnesian olivine of the type com- 
monly occurring in intrusive bodies of perido- 
tite and dunite only begins to melt at approxi- 
mately 1600° C. and becomes completely 
molten at approximately 1800° C. In spite of 
these high temperatures, an anomalous lack of 
high-grade metamorphism of the adjacent 
wall rocks is commonly associated with the 
ultramafic intrusions. Consideration of this 
problem has forced Bowen and Schairer (1935) 
and others to conclude that there must be a 
special mechanism of solid intrusion for perido- 
titic and dunitic rocks. However, many obser- 
vers have found it difficult or impossible to 
reconcile a great deal of field evidence with 
any hypothesis other than intrusion of a rela- 
tively liquid magma of peridotitic or dunitic 
composition (Camsell, 1913; Cooke, 1937; Hess, 
1938; Walton, 1951; and others). 

The abundance of igneous relationships asso- 
ciated with both large- and small-scale features 
of the ultramafic rocks at Union Bay definitely 
precludes any mechanism of solid intrusion. 
Briefly summarized are features of the ultra- 
mafic rocks that have been described in detail in 
earlier portions of the text, and that can be 
explained only by an intrusion of a liquid 
magma: 

(1) General intrusive relationships such as 
dikes of hornblendite cutting the gabbro around 
the margin of the ultramafic body. 

(2) Regular sills of dunitic rock of all sizes 
from 75 feet to less than 1 inch thick with sharp 
contacts and a great deal of continuity. 

(3) The general unsheared and ungranulated 
allotriomorphic texture of all the rock types, 
plus detailed textures which can be explained 
only by crystallization of the rock in place. 

(4) Evidence of crystal settling in peridotitic 
rocks. 


Distribution of Ultramafic Rock Types 


Although local features of some of the ultra- 
mafic rocks at Union Bay require explanation 


by crystal settling, a mechanism of differentia. 
tion by crystal settling cannot explain the 
general petrologic structure of the ultramafic 
intrusive body. As Wager and Deer (1939, p, 
117-123) have pointed out, a crystal accumula- 
tion from a crystallizing magma contains ap- 
proximately 20 per cent of interstitial material 
representing the composition of the magma 
from which the crystals have separated. A 
hypothesis explaining crystallization of all the 
ultramafic rocks from a single magma would 
fail to explain the presence of a large body of 
dunite, essentially a monomineralic rock. This 
rock requires a separation of mineral phases 
that is more complete than is possible by crystal 
accumulation from a compound magma repre- 
sented by the total composition of all the ultra- 
mafic rock types or the ultramafic plus the 
gabbroic rocks. 

If differentiation by crystal accumulation 
had controlled the distribution of ultramafic 
rock types, the lopolithic portion of the intru- 
sive body should show a definite gradation in 
composition from bottom to top. Assuming that 
the initial composition of the magma was on 
the olivine side of a binary eutectic mixture of 
diopside and olivine, dunite, the early crystal- 
lizing phase, should be concentrated near the 
floor of the lopolith with an increasing amount 
of diopside (in cotectic proportion) near the 
roof. There is no mechanism of differentiation 
by a gravity controlled crystal accumulation 
that can explain the fact that the most refrac- 
tory ultramafic rocks, dunite and peridotite, 
constitute the central portion of the intrusive 
complex and are surrounded on all sides (above 
and below) by the less refractory pyroxenite 
and hornblende pyroxenite units. 

As an explanation of the concentric zoning 
of the Blashke Islands ultramafic intrusive plug, 
Walton (1951) advanced a hypothesis of differ- 
entiation by thermal diffusion in part, or 
wholly, in a supercritical gas (water vapor) 
phase, and operating along strong thermal and 
concentration gradients within the magma. 
Many portions of the ultramafic rocks and the 
wall rocks at Union Bay do not show evidence of 
a sufficient quantity of water, or any other 
volatile component, for the large-scale operation 
of a mechanism of this type. 

There is no field or experimental evidence 
that rates of diffusion through the liquid state 
are sufficient to operate as a mechanism of 
differentiation throughout an intrusive body as 
large as the ultramafic body at Union Bay. 
From experimental work, Bowen (1921) calcu- 
lated the rate of diffusion of liquid diopside 
through liquid plagioclase (Ange) at a tempera: 
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wre of 1500° C. to be 2.31 X 10~* cm?/sec. 
jt this rate, the diffusion of diopside through 
jagioclase would take over 300 years to be 
significant (half saturation) over a linear 
distance of 2 meters. 

Any hypothesis based upon a mechanism of 
jiferentiation of the ultramafic magma in the 
ite of intrusion appears to be further burdened 
sith the necessity for explaining the crystalliza- 
jo of the intrusive body from the center 
utward. The most refractory minerals (olivine 
ad chromite) are concentrated in the central 
wrtions of the intrusive body, and the less 
wiractory minerals (hornblende and diopside) 
cur peripherally. This distribution is the 
reverse of that which would be expected as- 
aming a single-stage intrusion of ultramafic 
magma and realistic temperature gradients 
tween intrusive body and wall rock. The 
apected differentiation is illustrated by one 
xridotite dike, in which most of the olivine 
tas crystallized along the walls of the dike, 
ind most of the diopside occurs in the center. 

A mechanism based upon water-vapor pres- 
ure gradients has been proposed by Kennedy 
1955) whereby sufficient quantities of water 
apor and other volatile components may 
oncentrate around the periphery of a magma 
chamber to reduce the melting points of local 
omponents far enough below the existing 
tmperature gradient to promote crystalliza- 
tion of an intrusive magma from the center 
utward. This plausible mechanism may help 
0 explain the peripheral concentration of 
magnetite and hornblende, but it is doubtful 
hat the ultramafic intrusive body ever con- 
uined enough water, or other volatiles, for this 
nechanism to control crystallization of the 
thole body. Furthermore, crystallization from 
he center outward is a phenomenon that is 
nechanically unstable in a gravity field and 
vould imply accumulation of the first material 
0 crystallize (dunite) on the floor of a sub- 
torizontal lopolith. Therefore, it is impossible 
0 explain the concentric petrology of the 
opoith at Union Bay by any mechanism re- 
wiring crystallization of the ultramafic body 
itom the center outward. 

The most plausible explanation of the struc- 
ture and petrology of the Union Bay ultramafic 
‘omplex is a hypothesis of successive injections 
fan ultramafic magma changing i in composi- 
tion with time and intruded in reverse of the 
oder of crystallization of the component 
minerals, 

The proposed history of the ultramafic intru- 
‘ions is outlined herein. In the most simplified 
fom, the successive intrusions may be con- 
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sidered to constitute essentially a three-stage 
phenomenon. 

(1) Lopolithic, or probably initially sill-like, 
intrusion into metasedimentary rocks and a 
part of the completely, or almost completely, 
crystalline gabbro of a relatively liquid magma 
equal in composition to approximately 80 per 
cent diopside (approximately D7;H»;), 15 per 
cent magnetite, and 5 per cent forsteritic olivine 
(approximately FogoF az). 

(A) Some peripheral contaminations of 
this magma by SiO», Al,O3, and Na,O, 
mostly from gabbroic wall rock, and minor 
amounts, mostly H,O, and possibly some 
SiO: from metasedimentary wall rocks. 

(B) Almost complete crystallization of 
this magma to form the hornblende pyroxe- 
nite unit and magnetiferous portions of the 
pyroxenite unit. 

(2) Intrusion into the hot, still crystallizing, 
central portions of the first intrusive body of a 
relatively liquid magma approximately equal in 
composition to a binary eutectic mixture of 
diopside (approximately DgoH29) and forsteritic 
olivine (approximately FogoFazo): probably 80 
per cent diopside and 20 per cent forsteritic 
olivine, but probably also containing several per 
cent ferric iron. 

(A) Some remobilization of the still hot, 
crystalline, magnetiferous pyroxenite rocks. 
Some assimilation of the still liquid, initial 
magma and mixing with the second intrusive 
body. 

(B) Almost complete crystallization of the 
second magma to form the olivine pyroxenite 
rock and some less magnetiferous portions of 
the pyroxenite unit. 

(3) Intrusions of relatively liquid dunitic 
material into the central portions of the lopo- 
lith, exhibiting generally concordant, but some 
crosscutting, intrusive relationships with other 
ultramafic units. 

(A) Some remobilization and assimilation 
of the recently crystallized and hot olivine 
pyroxenite rocks, and local contamination of 
the dunite to form textural peridotite rocks. 

(B) Crystallization of peridotitic and 
dunitic rocks and subsequent cooling of the 
intrusive body. Local formation of serpentine 
minerals when the cooling intrusive body 
reached the temperature range of 500°-600° 
C. (Bowen and Tuttle, 1949). 

The authors know of no physicochemical data 
on any system approximating the composition 
of the initial magma postulated. On the basis of 
the assumptions outlined it must be further 
assumed that there are binary and ternary 
eutectic relationships between diopside and 
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magnetite and diopside, olivine, and magnetite. 
The texture and composition of the pyroxenite 
unit indicate that the eutectic point between 
diopside and magnetite lies toward the magne- 
tite side of the system. If this inference is cor- 
rect, and if the initial magma was of the compo- 
sition assumed, most of the diopside would have 
crystallized before any magnetite began to 
crystallize at the eutectic point, creating the 
textural relationships between diopside and 
magnetite observed in the pyroxenite unit. 

Because of heterogeneity of the source of 
material, the initial magma must have been 
composed of diopside and magnetite with some 
olivine. In most of those portions of the pyroxe- 
nite unit which contain from 10 to 20 per cent 
magnetite, there is no olivine. Therefore, a 
local mechanism must be postulated to change 
the composition of the melt away from the 
stability field of olivine. Such a mechanism may 
have been furnished by contamination of the 
magma by material derived from the wall rocks, 
especially and SiOs. 

Water diffusing into the magma from the 
wall rocks would have been partially dissociated 
at the temperature of the environment and 
probably would have oxidized proportional 
amounts of ferrous iron in the melt according 
to the equation (Goldschmidt, 1954, p. 657): 


Fe++ + — Fe*** + H: + OH-. 


Olivine can be converted to magnetite and 
pyroxene (enstatite or clinoenstatite) by water 
according to the equation (R. N. Clayton, 1955, 
unpub. PhD thesis, California Institute of Tech- 
nology): 


3Fe,SiO, + 3Mg:SiO, + 2H:O — 2Fe;0, + 2H: + 
6MgSi03. 


For this reaction, the calculated change in 
free energy at 298° C. is —59,000 cal, and at 
1000° C. is —95,000 cal. These data indicate 
that, with increasing temperature, water is 
increasingly capable of oxidizing ferrous iron in 
olivine to ferric iron in magnetite. To simulate 
the composition of the initial magma postu- 
lated, the solid-solution series diopside-heden- 
bergite would have to be added to both sides 
of the reaction, complicating it considerably. 
However, there is solid solution between 
diopside and clinoenstatite (Bowen, 1928, p. 
49), and quite probably any addition of water 
to the ultramafic magma would have favored 
the formation of proportional amounts of 
diopside and magnetite and may have pre- 
vented the crystallization of olivine. 

The reaction probably means that oxidation 


of ferrous iron on the left-hand side of the equa- 
tion has increased the ratio (relative saturation) 
of SiO, to MgO beyond the field of stability of 
olivine. Because ferric iron would not have 
been stable in the silicate lattice in amounts of 
more than a few per cent, oxidation of ferrous 
iron in the ultramafic melt would have increased 
the stoichiometric proportions, and _ relative 
saturation, of SiO. in the melt, inhibiting the 
crystallization of olivine. 

In the course of experimental work, Bowen 
and Tuttle (1949) and Kennedy (1950) have 
noted the facility with which silica has been 
transported in supercritical water vapor at 
temperatures above the critical temperature of 
water and pressures above 140 atmospheres. 
Therefore, water diffusing into the ultramafic 
magma from the wall rocks may have carried 
some silica. This phenomenon plus the oxida- 
tion of ferrous iron by water constitute additive 
mechanisms that may have increased the rela- 
tive saturation of SiO, in some portions of the 
initial ultramafic magma, locally inhibiting the 
precipitation of olivine and causing the crystal- 
lization of bimineralic rock composed of diop- 
side and magnetite. 

It is not entirely clear whether the chemical 
components of the mineral hornblende and the 
gabbroic veins in the hornblende pyroxenite 
represent primary constituents of the ultra- 
mafic magmas concentrated in late, pegmatitic 
phases of intrusion, or whether this material 
largely represents contamination of the ultra- 
mafic body by material derived from wall rocks, 
or both. However, the absolute confinement of 
the hornblende pyroxenite unit to the periph- 
ery of the complex and the intimate associa- 
tion between hornblende pyroxenite and inclu- 
sions of both schist and gabbroic material 
strongly indicate that the Al,0;, Na0, 
K.O, and much of the SiO. were derived from 
the wall rocks. 

If a relatively short time separated the 
crystallization of the gabbro and the initial 
intrusion of ultramafic material, the minerals 
of the gabbro would have remained very close 
to (just below) the temperature of crystalliza- 
tion. In this case, only a relatively small con- 
tribution of heat energy from the ultramafic 
magma would have caused mobilization of a 
eutectic liquid of the least refractory constit- 
uents of the gabbroic wall rock, and, as pre- 
viously discussed, this material would have 
crystallized after the more refractory minerals 
of the ultramafic body had crystallized. 

The equilibrium diagram of Bowen (1914, 
p. 212) shows that eutectic proportions of pure 
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diopside and pure forsterite are 87.5 per cent 
diopside and 12.5 per cent forsterite (Fig. 5). 
The diopside and olivine of the olivine pyroxe- 
tite rocks contain approximately 20-25 per 
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of the initial magma in the second magma, 
there would have been some remobilization and 
assimilation of diopside and magnetite by the 
second magma. If this assumption is correct, 
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(75% CaMg Si,0, ;25% CaFe Si,0, ) 


(75% Mg, SiO, ; 25% Fe, SiO, ) 


FicuRE 5.—EQuILIBRIUM DIAGRAMS OF THE SYSTEM D10PSIDE-FORSTERITE 


Solid lines: the binary system diopside-forsterite, after Bowen (1914, p. 212). Dashed lines: proposed 
tinary system diopside-forsterite, each mineral containing 25 per cent of the ferriferous molecule, heden- 


ergite and fayalite, respectively. 


ent of the respective iron molecules, hedenberg- 
ite and fayalite. The general composition of 
he rock indicates that eutectic proportions of 
his mineralogy are in the range of 80-85 per 
ent diopside and 15-20 per cent olivine (Fig. 

The composition of the second stage of ultra- 
nafic intrusion must have approximated the 
bwer-temperature eutectic point in Figure 5 
tut in addition probably contained 1-3 per 
ent ferric iron. The invasion of this material 
would have found the hotter, probably still 
aystallizing, central portion of the preceding 
intrusion the most accessible locus for intrusion. 
This phenomenon has been outlined by Harker 
(1932) and Bowen (1928, p. 157-158) as a 
mechanism of intrusion for composite dikes in 
the Hebrides. 

At the time of intrusion of the second ultra- 
nafic magma (olivine pyroxenite), crystalline 
vortions of the initial intrusive body (diopside 
and magnetite) must have been just below the 
temperature of crystallization. Therefore, in 
addition to some mixing of still-liquid portions 


and if magnetite is neglected in order to sim- 
plify the system, the composition of the second 
magma would have shifted away from the 
eutectic point (Fig. 5) toward the diopside 
portion of the system. In this case, only diop- 
side would have crystallized around the periph- 
ery of the second magma until the composi- 
tion of the liquid returned to the eutectic point. 
Then the central portions of the magma would 
have precipitated eutectic proportions of 
diopside and olivine, forming the olivine 
pyroxenite unit. 

Because of assimilation and mixing phenom- 
ena, the possibility of precipitation of some 
pyroxenite by the second stage of intrusion, 
and the lack of chilled boundaries within the 
ultramafic complex, it is not possible to make 
sharp distinctions in the field between the first 
and second stages of intrusion. The second 
intrusion probably extended laterally in some 
places beyond the limits of the initial intrusion, 
and it is probable that less magnetiferous por- 
tions of the pyroxenite unit around the north 
and northeast periphery of the ultramafic body 
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represent crystallization from the second stage 
of intrusion. 

The olivine pyroxenite unit was probably 
mostly, but not entirely, crystalline at the time 
of the third stage of intrusion of peridotitic or 
dunitic material, and the arriving magma again 
must have found the hottest, still crystallizing, 
central portions of the olivine pyroxenite the 
most accessible locus of intrusion. Some of the 
olivine pyroxenite wall rock must have been 
mobilized and assimilated by the dunitic 
magma. Therefore, owing to assimilation of 
liquid portions of the olivine pyroxenite magma 
and remobilization and assimilation of some 
crystalline olivine pyroxenite, portions of the 
dunitic magma, probably the earlier of a succes- 
sion of dunitic intrusions, may have been 
locally contaminated to peridotitic composition. 
It is possible that the initial injections of the 
final, dunitic stage of intrusion were originally 
peridotitic in composition, but there are no 
criteria from which to determine the relative 
importance of this possibility versus effects of 
contamination of dunitic material by remobil- 
ization and assimilation of olivine pyroxenite. 

Dunitic rocks locally contain as much as 10 
per cent diopside, and rocks of the textural 
peridotite type range from 10 per cent diopside 
and 90 per cent olivine to 60 per cent diopside 
and 40 per cent olivine (Table 2). According to 
the equilibrium diagram in Figure 5, melts with 
a composition to the right (forsterite side) of 
the eutectic point (12.5 per cent forsterite and 
87.5 per cent diopside) would have precipitated 
only olivine until eutectic proportions were 
reached in the liquid, at which stage both 
diopside and olivine would have crystallized 
in eutectic proportion. This requisite physico- 
chemical behavior explains such features as 
crosscutting peridotite dikes and diopside- 
rich veins in dunite. 

Evidence of local crystal settling in some 
peridotitic rocks implies rhythmic precipita- 
tion of eutectic proportions of diopside and 
forsterite in quiescent portions of the intrusive 
mass. These residual pockets of liquid must 
have been surrounded by more dunitic material 
which crystallized at a higher temperature. No 
diopside would have precipitated from the 
residual liquid until the composition and tem- 
perature of the eutectic point was reached, at 
which point both diopside and forsterite 
crystallized together in eutectic proportion. It is 
proposed that diopside settled through the 
liquid faster than forsterite due to a higher 
density at that temperature and a more rapid 
rate of crystal growth. 


The densities of pure diopside and pure 
forsterite at ordinary temperature are 3,275 
and 3.216 respectively (Birch, Schairer, and 
Spicer, 1942, p. 15). This difference is negligible, 
but the coefficient of thermal expansion js 
greater for olivine than for diopside. At 1000° 
C. the density of diopside is approximately 10 
per cent greater than that of olivine (Birch, 
Schairer, and Spicer, 1942, p. 32-33). Although 
no data are available for higher temperatures, 
the density of diopside at the eutectic tempera- 
ture (1387° C.) must be more than 10 per cent 
greater than the density of olivine. 

The mechanism responsible for the rhythmic 
precipitation of the multiple layers is not clear. 
Similar mineral layering has been described in 
many less mafic igneous rocks such as the 
Bushveld (Lombaard, 1934), Stillwater (Peo- 
ples, 1936), Duluth gabbro (Grout, 1918), and 
Skaergaard (Wager and Deer, 1939) intrusive 
bodies and the Keweenawan lava flows (Corn- 
wall, 1951). The most plausible explanation of 
this type of layering has been advanced by 
Wager and Deer (1939, p. 332), who attribute 
the banding in the Skaergaard intrusive body to 
magmatic convection currents: 


“Tt is believed that downward currents were formed 
along the walls of the intrusion due to the greater 
density of the cooled, and partly crystallized magma 
which occurred there. Compensating currents are 
considered to have swept across the floor of the 
intrusion; then to have risen at the centre to 
the top of the intrusion where cooling and con- 
comitant increase in density again took place caus- 
ing the circulation to continue... The minerals 
denser than the magma... would sink through the 
current and be deposited at the bottom of the 
liquid... The rhythmic layering must have been 
produced by a rhythmic variation in the conditions 
of deposition, and it is suggested that changes in 
velocity of the convection currents were 
responsible.” 


This type of mechanism may have been 
operative locally in the ultramafic intrusive 
body at Union Bay, but it is very doubtful 
that rhythmic magmatic currents could have 
caused extensive banding in peridotitic rocks 
exposed on Duke Island, southeastern Alaska 
(now under study as a separate research pro)- 
ect.) The great continuity and planar char- 
acter of the layers on Duke Island, plus the 
lack of features such as “trough banding” oF 
channel cutting within the layered rock, are 
difficult to explain by a mechanism of convet- 
tive currents. Although no satisfactory alterna 
tive explanation is proposed here, it is believ 
that the rhythmic precipitation of the multiple 
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hyers in both the Union Bay and the Duke 
jdand ultramafic intrusions must be due to the 
juctuation of a delicate physicochemical 
talance between temperature, pressure, and 
wmposition. 


Origin of the Magnetite 


All petrologic features of the magnetite in 
he ultramafic rocks at Union Bay clearly indi- 
ate that the magnetite is a primary crystalline 
yoduct of the ultramafic magmas and is not 
mterial which has been added to, or which has 
eplaced portions of, the already crystalline 
itramafic rocks by secondary processes (ex- 
iuding magnetite formed as a product of 
epentinization). 

In differentiated basic igneous bodies such as 
the Palisades sill (Walker, 1940) and the 
kaergaard (Wager and Deer, 1939), magnetite 
as formed a major constituent of the rocks 
luring the later stages of crystallization in the 
atrusion. This relationship is reversed at 
(nion Bay relative to the whole ultramafic 
wmplex. Most of the magnetite is concentrated 
a portions of the peripheral pyroxenite unit 
ad has to be considered a product of an early 
tage of crystallization relative to the olivine 
wroxenite, peridotite, and dunite rocks in the 
nore central portions of the complex. 

In the pyroxenite unit, most of the magnetite 
sanhedral and interstitial to subhedral diopside 
aystals and is evenly distributed throughout 
large portions of the rock. The distribution and 
textural relationships indicate that the magne- 
tite crystallized in equilibrium with the diop- 
ide, probably at a eutectic point in the binary 
ystem magnetite-diopside. If this assumption 
S correct, the eutectic point must lie close to 
the magnetite portion of the system, and the 
composition of the melt which precipitated the 
magnetiferous pyroxenite rock must have been 
lose to the diopside side of the system, perhaps 
0 to 85 per cent diopside and 15 to 20 per cent 
magnetite, because textures indicate that most 
of the diopside was crystalline before magnetite 
began to crystallize. The amount of magnetite 
precipitated must have been directly propor- 
tional to the amount of ferric iron in the melt. 
_ Three possible explanations of the ferric iron 
inthe melt, or the magnetite in the rock, may 
te considered: (1) assimilation of ferric iron- 
mich material by the initial ultramafic magma; 
2) the oxidation of a portion of the ferrous 
ton in the magma to ferric iron by water 
derived from any source; and (3) proportional 
amounts of ferrous and ferric iron in excess of 
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diopside and olivine contained in the original 
magma and derived at the source of the magma. 

Residual portions of the gabbro intrusive 
body which were still liquid or least refractory 
portions remobilized and assimilated at the time 
of the initial intrusion of ultramafic magma 
may have contained Fe,O3; and FeO, but prob- 
ably not in excess of other molecules, because 
there is no evidence that the gabbroic intrusive 
body had differentiated toward a ferrogabbro 
in the manner of the Skaergaard intrusive mass. 
Furthermore, a mechanism of assimilation of 
iron-rich material by the ultramafic body fails 
to explain the concentration of magnetite at 
contacts with schist containing approximately 
5 per cent total iron. 

Therefore, it is doubtful that much, if any, 
iron was contributed to the formation of magne- 
tite in the initial ultramafic magma by assimila- 
tion of foreign material. It is proposed that all 
the iron now present as magnetite was an 
original constituent of the initial ultramafic 
magma, but that the ratio of ferric to ferrous 
iron in the melt was increased to some extent 
by locally derived water. 

Water diffusing into the relatively dry 
magma from the wall rocks would have oxidized 
proportional amounts of ferrous iron in the 
melt as previously discussed. There is good 
evidence that some water did migrate into the 
intrusive body from both schist and gabbroic 
wall rocks, but it is not possible to explain the 
derivation of all, or most of, the magnetite con- 
centrated in the pyroxenite unit in this way 
without assuming an unrealistic and compli- 
cated circulatory mechanism carrying water 
relatively great distances into the magma and 
circulating both water and ferric iron back to 
the periphery of the intrusive mass. 

The chemical analysis of a specimen of 
magnetiferous pyroxenite from the northwest 
portion of the lower pyroxenite unit shows 19 
per cent total iron (11.2 per cent ferric, 7.8 per 
cent ferrous), of which 14.5 per cent (9.7 per 
cent ferric, 4.8 per cent ferrous) is in magnetite, 
and 4.5 per cent (1.5 per cent ferric, 3 per cent 
ferrous) is in diopside (see analyses of specimen 
32a and pyroxene mineral separate from speci- 
men 32a in Table 1). Unless a concentrating 
mechanism is postulated for iron, the magma 
from which this rock crystallized must have 
contained 19 per cent total iron. If all the iron 
had been in the ferrous state, the magma, with- 
out any oxidation of the ferrous iron by water 
or other volatiles, would have precipitated a 
pyroxene containing approximately 70 per cent 
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of the hedenbergite molecule, or pyroxene and 
olivine containing approximately 70 per cent 
of the hedenbergite and fayalite molecules 
respectively. The diopside and olivine of the 
ultramafic complex range in composition only 
from 30 to 1 per cent of the hedenbergite mole- 
cule for diopside, and from 22 to 7 per cent of 
the fayalite molecule for olivine. Therefore, it 
is highly improbable that the original magma 
contained only ferrous iron, and equally improb- 
able that oxidation of ferrous iron by water or 
other volatile material could have been the 
controlling process responsible for the forma- 
tion or concentration of magnetite. 

If any process of concentration of iron, such 
as circulating volatile material in the magma, 
had been a dominant factor in the concentra- 
tion of magnetite around the periphery of the 
ultramafic body, there is no reason why magne- 
tite should not have been locally concentrated 
to 90 per cent or more, as commonly observed 
in contact-metamorphic magnetite deposits. 
In a few places in the pyroxenite at Union Bay, 
the concentration of magnetite is as high as 
approximately 50 per cent of the rock over small 
areas of outcrop of approximately 100 square 
feet or less. However, there are no masses of 
magnetiferous pyroxenite containing more than 
approximately 25 per cent magnetite that would 
exceed 400 or 500 tons each. 

The most plausible explanation of the magne- 
tite is that proportional amounts of ferric and 
ferrous iron were contained in the initial ultra- 
mafic magma. This assumption is the only 
satisfactory explanation of the even distribu- 
tion of the magnetite throughout large volumes 
of pyroxenite, and requires no concentrating 
mechanism. However, there is good evidence 
that some water migrated from the wall rocks 
into portions of the initial intrusive body, and 
the state of oxidation of the iron in the melt 
and the amount of magnetite in the rock must 
have been increased accordingly. 

It has been proposed that the composition 
of the initial ultramafic magma approximated 
80 per cent diopside (D75Hes), 15 per cent mag- 
netite, and 5 per cent olivine (FosgoF azo). If this 
mixture (containing 19 per cent total iron) 
had crystallized without further oxidation of 
the iron, the distribution of the iron should 
have been: 7.5 per cent in diopside and olivine, 
11.5 per cent in magnetite. However, specimen 
32a contains 20 per cent magnetite (14.5 per 
cent total iron), and the diopside (D7;H»3) con- 
tains only 4.5 per cent total iron. Therefore, 
it is proposed that approximately 14 per cent 
of the iron now present as magnetite in speci- 


men 32a has been oxidized by water diffusing 
into the magma from the wall rocks, either in 
the.site of intrusion or en route, but most 
probably both. 

Although they are much smaller features 
the regular bands of magnetite found in a lew 
places in the pyroxenite and olivine pyroxenite 
units at Union Bay bear an interesting simi- 
larity to the oxide bands of the Bushveld 
(Lombaard, 1934). Bateman (1951) has ex. 
plained the oxide bands of the Bushveld com. 
plex by a mechanism of “gravitative liquid 
accumulation” whereby the heavy oxide liq- 
uid, under great hydraulic pressure, has 
accumulated on a floor and floated the silicates 
with such force that the adjacent silicate 
crystals have become strained, bent, and 
granulated. This explanation may be applicable 
to the magnetite bands at Union Bay, where, at 
a late stage in the crystallization of the rock, 
most of the diopside had crystallized, and the 
residual, heavy, oxide-rich liquid locally settled 
into layers. However, an alternative explana- 
tion for the magnetite bands at Union Bay 
seems to be more tenable. 

At a late stage in the crystallization of the 
pyroxenite, when most the the diopside but 
little of the magnetite had crystallized, the 
whole may have had enough rigidity to respond 
to stress as a solid. In this case, stress created 
by subsequent intrusion may have caused the 
almost wholly crystalline mass to fail along 
regular fractures. Following local pressure 
gradients created by the fracturing, the still- 
liquid portion of the magma (mostly magnetite) 
would then have accumulated along the frac- 
tures according to the principles of dilatency 
outlined by Mead (1925). The bifurcation and 
close spacing of many magnetite bands and 
the granulation of adjacent diopside crystals 
are best explained by this type of mechanism. 


Problem of Metamorphism 


One of the principal objections to the assump- 
tion of liquid ultramafic magmas has been 
the lack of high-grade metamorphic effects in 
the wall rocks corresponding to the high tem- 
peratures which must be assumed for melts of 
ultramafic, especially dunitic, composition. 
Because there are no plausible mechanisms for 
reducing the temperature of the magmas, the 
problem at Union Bay is clearly one of ac 
cepting the necessary temperatures and at- 
tempting to explain the lack of high-grade 
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ipure diopside and magnetite are 1391° C. and 
i’ C. respectively. The melting point of 
jopside containing 25 per cent of the hedenberg- 
molecule must be approximately 1300° C., 
ad the eutectic temperature between diopside 
(this composition and magnetite must be 
tdow 1300° C. The eutectic temperature of the 
sstem diopside-forsterite is 1387° C. (Fig. 5), 
ad the eutectic temperature between diopside 
ad forsterite, each containing 25 per cent of 
teferriferous molecule, must be approximately 
190° C. (Fig. 5). 
According to calculations of Bowen and 
Shairer (1935, p. 208), the change in volume 
inm the solid to the liquid state is relatively 
gall for forsterite. Other data indicate that 
le change in volume from the solid to the 
jiwid state is less for diopside than it is for 
livines (Birch, Schairer, and Spicer, 1942, p. 
i, Therefore, the effect of pressure upon the 
mlting point is relatively small for both 
dT AV 


dp AH 
1935, p. 208) calculated the increase in melting 
yint of forsterite as 4.7° C. per 1000 atmos- 
heres, an increase of approximately 20° C. 
utesponding to a depth of 15 Km in the crust. 
hherefore, the temperatures of the magmas 
uring the first two stages of ultramafic intru- 
sn at Union Bay, unless superheated, prob- 
tly were between 1250° C. and 1350° C. 

The temperatures of the later stages of 
‘uuitic intrusion must have been approximately 
0° C. However, the dunitic material in- 
mded the central portions of the ultramafic 
omplex, and no peridotite or dunite rocks are 
neontact with either schist or gabbro. 
Temperature distributions, as a function of 
tme, in and around cooling igneous bodies of 
ample geometric shapes, have been determined 
tom Fourier’s classical theories of heat conduc- 
ton in solids and have been presented by 
*veral authors (Lovering, 1935, 1936; Larsen, 
(45). This work incorporates assumptions 
oneerning the uniformity of thermal properties 
nhot and cold rocks and neglects the effects of 
cnvection in the magma and dissipation of 
tat by radiation. Solution of problems for 
ifinite, planar igneous bodies of finite thickness 
indicate: (1) that the temperature of the wall 
ticks at the igneous contact rises rapidly to a 
maximum of approximately 60 per cent of the 
orginal difference in temperature between the 
vall rocks and the magma and remains at this 
figure until the igneous body is completely 


ainerals ) Bowen and Schairer 


Cystalline; (2) that the maximum reached 
‘uring the progressive rise and fall of tempera- 


ORIGIN OF ULTRAMAFIC ROCKS 


1013 


ture, for points in the wall rocks beyond the 
igneous contact, travels outward from the 
contact with constantly decreasing value (H. P. 
Taylor, Jr., personal communication). 

The simplifying assumptions made in the 
course of the work render its strict application 
to natural phenomena improbable. However, 
it is the best means available to estimate the 
order of magnitude of the temperatures in the 
wall rocks at Union Bay. 

If the regional temperature of the wall rocks 
at the time of ultramafic intrusion was 200° C., 
and if the temperatures of the first two stages 
of ultramafic intrusion were 1300°, the solution 
of the heat equation used by Taylor suggests 
a maximum temperature of 850° in the wall 
rocks at the ultramafic contact. The final 
stages of intrusion of dunitic magma would have 
raised this temperature at least 100° C. locally. 
These temperatures, plus a lithostatic pressure 
of several thousand atmospheres, definitely 
satisfy the temperature-pressure conditions for 
the highest grade of contact metamorphism. 
However, it is improbable that the reactions 
involved in contact metamorphism proceed at a 
significant rate at any temperature without 
the catalytic effect of the presence of aqueous 
fluids. 

The importance of water as an agent in 
processes of metamorphism has been particu- 
larly emphasized recently by Yoder (1952, 
1955), but even classic theories of contact 
metamorphism attribute mineralogical changes 
within contact aureoles to relatively brief 
periods of accelerated chemical reaction con- 
trolled by the coincidence of high temperatures 
with the passage of catalyzing waves of aqueous 
fluids expelled from the crystallizing magmas 
(Turner and Verhoogen, 1951, p. 241, 567). 

At Union Bay there is no evidence associated 
with either the ultramafic or surrounding rocks 
that any volatile, fluid phases were expelled 
from the ultramafic magmas during crystalliza- 
tion. The occurrence of magnetite, probably 
the last mineral phase to crystallize in the 
peripheral portions of the ultramafic body, is 
entirely confined to the ultramafic rocks and is 
not transgressive into the wall rocks, as in the 
case of contact-metamorphic deposits. Even 
the minor concentrations of sulfide minerals, 
occurring around the periphery of the complex, 
are largely confined to ultramafic rocks. These 
features, plus the pattern of serpentinization 
and the peripheral disposition of the hornblende 
pyroxenite unit, suggest that the ultramafic 
magmas, instead of emanating volatiles during 
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crystallization, absorbed some aqueous fluids Source of the Magmas gabt 

from the wall rocks. ther 
Because of the temperature gradient across The world-wide restriction of peridotiticl nag 


the contact between magma and wall rock, intrusive rocks, or their serpentinized equiva. | 
only nonequilibrium conditions could have  lents, to orogenic belts indicates that mecha. Be 
prevailed. A quantitative solution of the prob- isms of generation and intrusion of ultramafic} any 
lem of water distribution under these conditions | ™agmas are related to the broader phenomena | pert 
is ; has not yet been obtained. However, Kennedy of orogeny. The regional distribution of perido. J nite 
(1955, p. 491) has considered the case of a hot, _ titic intrusive rocks in various parts of the world f upon 
dry magma intruding cool, wet sediments in a is summarized by Hess (1955), who concludes f the 


a qualitative manner and has concluded: that their emplacement occurs during the early | mect 
stages of deformation in mountain belts. of th 
“The temperature of the sediments close to the The most probable source of ultramafic | mech 


magma will rise very rapidly, and in consequence magmas is a ubiquitous peridotite layer, the | mech 
the partial pressure of water in the sediments may ee Pie 
upper boundary of which may constitute the appes 


increase at a rapid rate, provided the water is in pore gE “eal . 
4 Mohorovitié discontinuity. Many geologists of th 


a spaces which do not communicate readily with the P ; F 
de surface of the earth. Suppose the sediments are 2CCcept the existence of this layer in the earth | In 


am initially at 200° and have interstitial water at a on the basis of geophysical evidence. The only J sourc 
partial pressure of 100 atmospheres. If the sedi- geologic evidence suggesting a layer of this { magn 
ments are heated to 400° by the magma, and the composition is the occurrence of the ultramafic | some 
water cannot escape, the partial pressure of the jntrusive bodies themselves, and the occurrence, | tion 
water will increase from 100 atmospheres to more jn some basaltic lavas, of blocks of ultramafic | notat 
than 3400 atmospheres. The water may then escape rock that are plausibly explained as exotic inclu- | studi 
by diffusing into the magma. The marginal portions the neridotiti tle (R 
of the melt may thus become greatly enriched in (Ross, famen 
a= Foster, and Meyers, 1954). The mineralogy [Most 
and chemical analyses of many of these inclu- J conta’ 
Therefore, it is proposed that the lack of sions, especially those collected from the fincor 
high-grade metamorphic effects in the wall Hawaiian volcanic province, are practically [cated 
rocks around the ultramafic complex at Union identical with ultramafic rocks at Union Bay. Junusu 
Bay is not a reflection of low temperatures of The intimate space association of the gab- J ulivin 
intrusion but rather is a result of the invasion _ broic intrusive mass and the ultramafic compler | ugge 
of hot, but unusually dry, magmas, probably at Union Bay would be most simply explained | abbr 
containing 0.3 per cent or less water. Owing to _ by the derivation of both magma types by the | plausi 
the anhydrous state of the magmas, they did same process at the same place in the mantle. | rin, 
not exude waves of volatile material during Washington (1925), Bowen (1928), and Bud-| ton, B 


j any stage of crystallization but rather absorbed dington (1943) have assumed that the peri-| shell o 
Fl some aqueous fluid from the adjacent wall  dotite shell of the earth is composed largely of} Hoy 
a rocks. The metasedimentary wall rocks prob- olivine and pyroxene with approximately 20-30} the m 


ably were not “wet” at the time of ultramafic per cent feldspar, a composition approaching} and 
intrusion but must have contained approxi- that of chondritic meteorites. Both Bowen and} genera 
a8 mately 3 per cent water as a constituent of Buddington have emphasized that if such mate- probal 
crystalline phases, as indicated by the chemical _ rial were subjected to fusion there would be 4} theear 
analysis of specimen 400 in Table 1. It is pro- stage at which the liquid, constituting approxi-} may | 
‘ posed that a portion of this water was mobilized mately 40 per cent of the mass, would be} mgm; 
“ through partial fusion by heat energy from basaltic, or gabbroic, in composition (Bowen, cust a 
\ the crystallizing magmas and diffused from the 1928, p. 316; Buddington, 1943, p. 139). i genera 
1 wall rocks into the anhydrous magmas, as However, the composition of any system) depth i 
proposed by Kennedy. similar to the composition proposed herein for) Alth 
These conditions, which must be the anti- the peridotitic mantle is analogous to the)has rer 
ie thesis of contact phenomena adjacent to more ternary system  diopside-anorthite-forsterite} jmagmi 
5 hydrous magmas, must have inhibited high- presented by Osborn and Tait (1952, p. 419). within 
grade metamorphism in the wall rocks adjacent The eutectic point in this system is 49 per cent mecha 
to both the gabbroic and ultramafic intrusive diopside, 44 per cent anorthite, and 7 per cet or the 
bodies at Union Bay and may apply to the forsterite. Any liquid derived from this, or anypboth. 
explanation of anomalously low-grade meta- similar, system should, upon crystallization, major 
morphic effects associated with some basic and _ precipitate some olivine, unless the compositiot transec 
ultrabasic intrusions in other regions. of the melt was extraneously changed. Thémay h; 
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ORIGIN OF ULTRAMAFIC ROCKS 


gabbro at Union Bay contains no olivine, and 
therefore it is improbable that the gabbroic 
nagma was generated from the same material 
asthe ultramafic magmas. 

Because none of the ultramafic rocks contain 
ay feldspar at Union Bay, exclusive of some 
peripheral portions of the hornblende pyroxe- 
tite unit, a further complication is imposed 
upon the hypothesis of a mutual source for both 
the gabbro and ultramafic rocks, in that a 
mechanism is required for complete separation 
of the two magma types. No physicochemical 
mechanism at the source, or gravity controlled 
mechanism en route to the site of emplacement, 
appears capable of such complete separation 
of the two liquids. 

In all fairness to the hypothesis of a mutual 
source for both the gabbroic and ultramafic 
magmas, it must be parenthetically noted that 
some ultramafic intrusions of size and associa- 
tin similar to the complex at Union Bay, 
notably the complex at Taberg, Sweden, 
tudied by Hjemlqvist (1949), seem to be quite 
amenable to explanation by this hypothesis. 
Most of the “‘olivinite” intrusive rock at Taberg 
contains some plagioclase (labradorite) identical 
incomposition with the plagioclase of the asso- 
dated gabbro. The gabbro also contains an 
usual, pleochroic olivine identical with the 
livine of the ultramafic rocks. These features 
suggest a close genetic relationship between the 
gabbroic and ultramafic rocks, which could be 
plausibly explained by fusion of material simi- 
rin composition to that proposed by Washing- 
ton, Bowen, and Buddington for the peridotite 
shell of the earth. 

However, the evidence at Union Bay favors 
the more complex explanation that the gabbroic 
aid ultramafic magmas, although probably 
generated or tapped by the same process, were 
probably derived from different levels within 
theearth. In this case, the same orogenic process 
may have tapped or generated the gabbroic 
magma at a high level in the mantle, or in the 
cust above the Mohorovitié discontinuity, and 
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generated the ultramafic magmas at greater 
depth in the mantle. 

Although the precise nature of the process 
has remained unsolved, the generation of fluid 


forsterite) magma from crystalline material at depth 
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within the earth appears to depend upon a 
mechanism for either the focus of heat energy 
or the release of pressure, or, most probably, 
beth. Such a mechanism, localized along a 
major fracture, or in a zone of weakness that 
transected the Mohorovitié discontinuity, 
may have been responsible for the rise of the 
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gabbroic and ultramafic magmas along the 
same route and their close association in space 
at the site of emplacement, 

If it is assumed that the gabbroic and ultra- 
mafic magmas originated at different levels 
within the earth, as indicated by the evidence 
at Union Bay, explanations of their origins 
constitute two separate problems. The genesis 
of basaltic, or gabbroic, magmas has received a 
great deal of attention in the literature, and 
current thought is summarized by Turner and 
Verhoogen (1951, p. 194-200, 223). More 
recently Waters (1955) has discussed the prob- 
lem. 

The simplest approach to the composition of 
the peridotite shell at the source of the ultra- 
mafic rocks at Union Bay is based upon the 
assumption that the mineralogy of the source 
material is directly reflected by the mineralogy 
of the ultramafic complex, exclusive of portions 
of the hornblende pyroxenite unit which are, 
in part, composed of foreign material locally 
derived from the wall rocks. On the basis of 
this assumption, the source material may have 
been composed largely of forsteritic olivine and 
diopside, with some magnetite, chromite, and 
other spinels. These minerals may have been, 
in part, randomly distributed throughout some 
portions of the source, constituting relatively 
homogeneous rock, and, in some places, may 
have been segregated into olivine-rich and 
diopside-rich bodies or layers. 

If these assumptions are made concerning 
the composition of the source material, and if 
a local mechanism capable of focusing in- 
creasing amounts of heat energy is postulated, 
the following results are proposed, in chrono- 
logical order: 

(1) From approximately 1250° C. to 1350° 
C.: rock composed of diopside, olivine, and 
magnetite produces a liquid of the composition 
of the eutectic point between magnetite and the 
most ferriferous diopside and olivine fractions. 
Concomitantly, rock composed of diopside and 
magnetite produces a liquid of the composition 
of the eutectic point between magnetite and 
the most ferriferous diopside fraction. These 
events would be accompanied and followed 
(overlapped in time) by fusion, in rocks com- 
posed only of diopside, first of the most fer- 
riferous diopside fraction, followed by fusion 
of progressively more magnesian diopside. 
In rock containing less magnetite than eutectic 
proportions (probably the general case), the 
temperature would remain at the eutectic 
tempereture between magnetite and diopside 
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(or olivine, or both) until all the magnetite 
had been melted. 

(2) From approximately 1350° C. to 1450° C.: 
continued fusion of progressively more magne- 
sian diopside in rock composed of that mineral 
only, and, in rock composed of diopside and 
olivine, fusion of eutectic proportions of pro- 
gressively more magnesian fractions of both 
minerals. At approximately 1450° C., the prob- 
able eutectic temperature of the system diop- 
side-forsterite at this depth, the temperature 
would remain constant in rock composed of 
both minerals until all the diopside in rock at 
this temperature had been melted (assuming 
that, at this stage, the composition of the sys- 
tem lies to the right, or forsterite, side of the 
eutectic point). 

(3) From approximately 1450° C. to 1800° 
C.: fusion of eutectic proportions of olivine and 
magnetite and olivine and chromite, where 
these minerals are in contact, until all the 
magnetite and chromite had been melted. Pro- 
duction of dunitic liquid by fusion of progres- 
sively more magnesian olivine. 

This sequence of progressive fusion of the 
source material provides a tentative explana- 
tion of the sequence of ultramafic rocks in the 
complex at Union Bay. The evidence further 
indicates a periodicity of the processes respon- 
sible for the generation and migration of the 
magmas such that time gaps occurred between 
the three stages. 

An important, and possibly the controlling, 
force responsible for the ascent of magma, once 
generated, must be the difference in density 
between the liquid and the surrounding rock, 
both being subject to lithostatic pressure. The 
densities of diopside and olivine glasses are 
2.830 and 2.831 respectively (Birch, Schairer, 
and Spicer, 1942, p. 15), and the density of 
liquid diopside at its temperature of crystalliza- 
tion (1391°) is 2.671 (Birch, Schairer, and 
Spicer, 1942, p. 36). The densities of dry ultra- 
mafic magmas, devoid of a gaseous phase and 
equivalent in composition to the ultramafic 
rocks at Union Bay, are probably less than 
crystalline basalt or gabbro (approximately 
2.95) and greater than crystalline granite 
(approximately 2.65). Therefore, ultramafic 
magmas may have the ability to rise into, but 
not through, the sialic portion of the crust, 
due to the relative densities. This inference, 
that it may be physically impossible for ultra- 
mafic magma to rise to the surface of the earth, 
is the most plausible explanation of the absence 
of effusive ultramafic rocks. 
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FUSED-QUARTZ EXTENSOMETER FOR SECULAR, 


variations in ground-water saturation. 


TIDAL, AND SEISMIC STRAINS 


By Huco BENIOFF 


ABSTRACT 


i A description is given of two fused-quartz extensometers located in mountain tunnels at 
Dalton Canyon and Isabella in Southern California and designed for observing long- 
period seismic-wave strains, earth tidal strains, and secular strains. They consist es- 
sentially of instruments for measuring and recording variations in the separation of two 
piers by comparison with a length standard of fused-quartz tubing. The sensitivity for 
secular strains, defined as the least detectable strain increment, is approximately 107’. 
For tidal and seismic-wave strains, the sensitivity is higher—a 1-mm deflection of the 
recorder represents a strain increment of 5.2 X 10~!. In both cases the maximum usable 
sensitivity is limited by ground-strain unrest or noise, generated by wind, barometric- 
pressure variations, temperature variations of the surface layers of the ground, and 
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INTRODUCTION 


d The development of an effective linear-strain 
> “'smograph (Benioff, 1935) provided, for the 


first time, an instrument having a response to 
seismic strains of the ground, instead of ground 
displacements as given by pendulum instru- 
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ments. Although in the early years of its de- 
velopment interest in seismology was centered 
more on the shorter seismic-wave periods, evi- 
dence was presented (Benioff, 1935, p. 296) 
indicating that the strain seismograph has cer- 
tain inherent advantages over the pendulum for 
recording of long-period earthquake waves. 
These include its lack of response to tilt, which 
is very troublesome in long-period pendulums, 
and a 6 DB per octave decrease of response with 
period as compared with the 12 DB per octave 
decrease of pendulums for wave periods that are 
long in relation to the period of the instrument. 

The original strain seismograph was con- 
structed with a length standard in the form of a 
steel tube and was mounted in a room having 
fairly large temperature variations. In order to 
reduce the very long-period contributions in the 
response due to temperature variations of the 
steel tube, the recording galvanometer was 
operated from an electromagnetic transducer 
having an output emf proportional to the time 
derivative of the ground strain. In this form, the 
period-response characteristic of the strain 
seismograph is identical with that of the dis- 
placement of a pendulum having the same 
period and damping constant as the galva- 
nometer. Since. the galvanometer is concen- 
trically balanced, its stability at very long 
periods is substantially greater than that of a 
pendulum which is necessarily excentrically 
balanced. Thus galvanometers having periods 
up to 10 minutes have been operated satis- 
factorily with this instrument, whereas pendu- 
lums of such long periods are not practicable. 
However, at these long periods the inherent 
noise of the instrument due to temperature 
variations of the standard and to strains pro- 
duced by movements of people in the vicinity 
was sufficiently large to interfere seriously with 
its effectiveness. For strains of still longer 
periods, such as secular strains—the sources of 
earthquake energy—and tidal strains, the local 
noise level rendered the instrument useless. To 
reduce the long-period noise, a modified instru- 
ment was required which would conform to the 
following conditions: (1) location of the vault at 
sufficient depth in rock to reduce the annual 
temperature variation to 1°C. or less; (2) con- 
struction of the length standard with fused 
quartz or invar in order further to reduce its 
temperature response; (3) location of the vault 
away from habitations and vehicular traffic; 
(4) means for keeping the vault dry. Construc- 
tion of an experimental installation meeting 
these conditions was made possible by a grant 
from The Geological Society of America. 
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Operation of this instrument located at Dalton 
Canyon, California, and another built later at 
Isabella, California, has demonstrated that 
satisfactory recording of tidal and _ secular 
strains can be made. 


DALTON EXTENSOMETER 
Tunnel Site and Structure of Quartz Standard 


Since the new instrument was intended for 
recording tidal and secular strains as well as 
seismic waves, it was desirable to change its 
name to extensometer. The available funds were 
insufficient to cover the cost of boring a tunnel, 
and consequently it was necessary to find one 
already in existence, located at a suitable site 
and available for this use. Fortunately one was 
found in Dalton Canyon about 33 km north- 
west of Pasadena (A = 117° 48.55’ W., @ = 34° 
10.23’ N., h = 520 m). This tunnel had been 
constructed by the Los Angeles County Flood 
Control District to test the character of the 
rock at the site of a proposed flood-control dam. 
It is approximately 100 feet long and quite dry. 
Through the good offices of R. E. Hedger, Chief 
Engineer, and Paul Bauman, Assistant Chief 
Engineer of the Los Angeles Flood Control 
District, the tunnel was made available to the 
California Institute of Technology. To reduce 
temperature fluctuations, the tunnel was sealed 
with two bulkheads and a concrete recording 
room at the entrance (Fig. 1). The tunnel seg- 
ment between the recording room and the 
instrument portion serves as a thermal insula- 
tion barrier. The fixed end of the quartz stand- 
ard is located at the inner end of the tunnel and 
is anchored to a pier consisting of a 10-inch 
galvanized-steel pipe set 6 feet into the rock and 
cemented in with concrete. A similar pier near 
the free end of the standard supports the mi- 
croscope for measuring secular strains. The 
fused-quartz standard is 24.08 m in length and 
is made up of 10-foot sections of milky quartz 
tubing 6.4 cm in outside diameter by 0.6 cm 
wall thickness. The sections are cervented end 
to end with Sauereisen low-expansion ceramic 
cement with the addition of a wrapping of glass 
tape saturated with the same cement. Tensile 
tests of the joints indicated strengths of 750- 
1000 pounds. The standard is housed within a 
concrete trough (Fig. 2) that is formed in 5-foot 
sections and has soft fiber spacers between 
sections in order to reduce effects resulting from 
differential expansion of the trough relative to 
the rocks. The trough is covered with 34-inch 
resin-bonded waterproof plywood planks. The 
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FicurE 1.—DALToN ExTENSOMETER INSTALLATION (SCHEMATIC) 


quartz tube is supported at 5-foot intervals by 
double slings of stainless-steel wires 0.036 cm in 
diameter attached to anchor bolts set in the 
walls of the concrete trough (Fig. 2). The low 
friction and hysteresis introduced by the wire 
supports can be demonstrated by freeing the 
fixed end of the quartz standard. In this con- 
dition it oscillates as a pendulum and when 
started with 1-2 cm amplitude continues to 
oscillate for several hours. A small constant 
fow of air for maintaining the relative humidity 
within the tunnel below the saturation point 
enters the tunnel at the rear through a 6-inch 
metal conduit connected to a blower located in 
the entrance cubicle. 


Measuring Microscope 


For measurements of secular-strain incre- 
ments, the position of an accurately ruled glass 
sale attached to the end of the quartz tube is 
tad in a measuring microscope mounted on a 
heavy stainless-steel pedestal anchored to the 
pier (Fig. 3). The glass scale (A) is illuminated 
irom below by a small incandescent lamp (S). 
The scale is ruled with lines spaced 0.01 mm 
apart. A cross hair in the microscope eyepiece is 
wed as a fiducial line, and the position of the 
tumbered lines of the scale can be estimated to 
tenths of their interval or 0.001 mm. Since the 
lngth of the quartz standard is 24.08 m, the 
last detectable strain increment with the mi- 
toscope is 4.15 & 107%. 


Photographic Recording System 


Originally the Dalton installation was pro- 
vided with a mechanical-optical magnification 
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TROUGH AND SUSPENSION DETAIL FOR EXTENSOMETER 


FicuRE 2.—CoNCRETE TROUGH AND DOUBLE 
SLING-WIRE SUPPORTS OF QUARTZ STANDARD 


assembly with photographic recording. The 
magnifier (Fig. 4) used the bifilar bowstring 
principle. The bowstrings are made of stainless- 
steel wire 0.0025 cm in diameter and 20 cm long. 
A small mirror is attached to the two strings at 
their centers. Movement of the end of the 
quartz tube relative to the pier tightens one 
string and loosens the other and thus rotates the 
mirror. If } is the separation between the end 
points of either string, a is the vertical depres- 
sion of the strings at the mirror, and d is their 
separation, the magnification is given by 
V = bL/ad, where L is the distance from the 
mirror lens to the recording drum. The remain- 
ing constants of the bowstring structure were 
chosen to produce a magnification V of approxi- 
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FicurRE 3.—MEASURING MICROSCOPE AND INTERFEROMETER CALIBRATION ASSEMBLY 
(SCHEMATIC) 


SUSPENSIONS 


FicurE 4.—DovusiE BowstRInc OptTicAL MAGNIFIER (SCHEMATIC) 


The suspension system is damped electromagnetica 
not shown in the drawing. 


mately 10,000. Since the quartz-tube length is 
24.08 m, this value of magnification gives a 
trace amplitude of 1 mm for a strain of 
4.15 x 10~*. The trace-recording speed was 1 
cm per hour. 


Ink-Writing Recording System 


During several years of operation the bow- 
string recorder operated fairly well. However, 


lly by immersion in the field of a permanent magnet 


rather frequent adjustments were required, and 
the sensitivity was found insufficient for best 


recording of tidal strains and seismic wave. § 


Accordingly a new electrical recording system 
with ink writing was developed. The recorder 
derives its actuating power from a 5-megacyde/ 
second carrier-current capacitance-bridge trans 
ducer, modified from an original assembly de 
signed for pendulum seismographs (Beniof, 
1955). The capacitance bridge is formed by twe 
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jsulated plates anchored to the adjacent pier 
ato the trough and a third grounded plate 
nounted between the fixed plates and attached 
jo the quartz tube near its end. Two forms of 


G 


attachment of the grounded plate to the quartz 
tube have been used. In one the attachment is 
direct (Fig. 5). In the other, the plate is mounted 
m the end of a cantilever beam which is 
anchored to the base plate of the transducer to 
serve as a magnifying lever. A narrow thin- 
ection compliance introduced near the fixed 
end of the beam serves to concentrate the 
bending in the compliance. A small spherical 
member attached to the quartz tube presses 
against a flat on the beam near the fixed end. 
Motion of the quartz tube relative to the pier 
is thus magnified 10 times at the end of the 
lever where the grounded plate is fastened. In 
tither the direct or the lever type the two 
capacitances formed between the grounded 
plate, F (Fig. 6), and the insulated plates, P, P, 
are shunted by two equal inductances, Z;, to 
produce two resonant circuits. These are loosely 
coupled to a 5-mc crystal-controlled oscillator. 
When the grounded plate is positioned midway 
between the plates, the two circuits are resonant 
ata common frequency which differs from the 
oscillator frequency sufficiently to reduce the 
currents to approximately 0.8 of their resonant 


value. When the grounded plate is in the mid- 
Position the currents are equal. Movement of 
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the fixed plates relative to the grounded plate 
produced by change in the strain of the ground 
between the two piers varies the two capaci- 
tances oppositely and makes one circuit more 


FicurE 5.—CAPACITANCE-BRIDGE TRANSDUCER (SCHEMATIC) 


nearly resonant with the oscillator and the other 
less so. The resulting unbalance in the magni- 
tude of the currents flowing in the two circuits 
is proportional to the displacement of the end 
of the quartz standard relative to the adjacent 
pier. In the Isabella installation the oscillator 
is driven by a vacuum tube. The Dalton oscil- 
lator is driven by transistors. In the vacuum- 
tube type, sufficient power circulates in the 
resonant circuits to operate directly an Ester- 
line-Angus 0-5-milliampere ink-writing 
corder, RG, from the rectified current output of 
two germanium diodes (D) connected to low 
impedance taps on the inductances (Fig. 6). 
With a transistor oscillator the circulating 
power in the resonant circuits is insufficient to 
provide enough output power from the diodes 
directly, and a circuit modification (Fig. 7) de- 
veloped by J. L. Blayney of the Seismological 
Laboratory staff serves to increase the available 
output power. In this adaptation the full 
resonant circuit voltages are applied to the 
diodes, and their rectified output voltages serve 
to drive a pair of double push-pull transistor 
cathode followers which in turn supply suffi- 
cient output to drive an Esterline-Angus 0-1 
milliampere recorder. The low power consump- 
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tion of the transistor-operated recorder permits 
the use of two dry batteries, with voltages 6 and 
4 respectively, for the power source. One set 
lasts more than 3 months on continuous service. 
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deflection from going off scale. If M is the 
recorder magnification and L is the length of the 
quartz standard in millimeters, the strain 
sensitivity is given by S = LM, where S is the 
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FIGURE 7.—SIMPLIFIED TRANSDUCER CIRCUIT 


The insulated plates of the transducer are 
individually adjustable for fixing the capacitor 
air gaps and are arranged for common move- 
ment by means of a reversible motor and gear 
train (Fig. 5, M). The transducer can thus be 
balanced remotely by operation of push buttons 
situated near the recorder. The transducer 
assembly is housed in a hermetic enclosure 
sealed to the moving member by a ring of 
silicone grease which also serves to damp 
transverse vibrations of the quartz tube. 

The available magnification of the recording 
system with either the tube or the transistor 
oscillator is more than 100,000. In routine oper- 
ation the magnification is limited to about 
80,000 to prevent the maximum tidal-strain 


USED WITH TRANSISTOR-DRIVEN OSCILLATOR 


recorder deflection in millimeters for unit 
ground strain. For the Dalton extensometer the 
sensitivity is thus 


S = 8 X 10! X 2.41 X 104 = 1.93 X 10. 


A 1-mm deflection on the recorder corresponds 
to an earth strain of 5.18 xX 107 or approx 
mately 1 mm in 2000 km or 1%¢ inch in 200 
miles. 


Calibration 


Calibration of the extensometer is effected by 
compressing the quartz tube a known amount 
using two standard helical springs stretched 4 
predetermined distance by a motor-driven cam. 
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DALTON EXTENSOMETER 


The amount of the compression is calculated by 
abstitution of a pair of stronger springs in the 
am mechanism for producing a compression 


ALUMINUM COIL FORM 
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The recorded deflections thus produced serve as 
secondary calibration standards as well as time 
marks. ) 


NICKEL 
INVAaR 


FicuRE 8.—MAGNETOSTRICTION CALIBRATION UNIT 


irge enough to be read in the secular-strain 
nicroscope. The ratio of the force constants of 
te two sets of springs is determined in the 
kboratory, so that the compression produced 
ty the weaker springs is easily determined. 

An improved calibration method now being 
developed uses a 6-inch section of nickel bar 
interposed between the fixed end of the quartz 
standard and the adjacent pier (Fig. 8). The 
lickel bar is surrounded with a coil of wire. 
Current in the coil produces a shortening of the 
tickel bar owing to magnetostriction. The cor- 
‘sponding movement of the end of the quartz 
ube is measured with a Fabry-Perot inter- 
trometer. Interference takes place in the space 
tetween the two parallel faces of two prisms 
, and P,) attached to the pier and to the 
quartz tube respectively (Fig. 3). Light from 
he mercury vapor lamp (L) passes through a 
ilter (F) with an attached reticle which serves 
a fiducial line. It then passes through a lens 
l) which images the source at infinity. The 
innges are observed from above. The construc- 
lon details of the magnetostriction inter- 
ltometer calibration assembly were worked out 
by J. L. Blayney of the Seismological Labora- 
tory staff. 

In addition to its use in calibration, the 
magnetostriction unit serves to provide time 
marks on the recording line. These are made by 
dock contacts which close for 1-2 minutes at 
Shour intervals and supply current to the 
magnetostriction coil from a local dry battery. 


IsABELLA EXTENSOMETER 


Location and Description of Tunnel 


The effectiveness of the Dalton installation 
established the desirability of building ad- 
ditional units eventually to include a network 
of such stations over the State of California and 
over other regions of the earth in which seismic, 
tectonic, or tidal strains are studied. An excel- 
lent tunnel was found in the southern part of the 
Sierra Nevada in the vicinity of the Isabella 
dam (A = 118° 28.39’ W., @ = 35° 39.78’ N., 
h = 835 m) on land controlled by the U. S. 
Army Corps of Engineers. It was originally a 
gold mine but has since been abandoned. Its 
existence and availability were indicated to the 
writer by Mr. Harold Cate, resident engineer of 
the Army Corps of Engineers at Isabella. 
Negotiations for permission to construct the 
extensometer were carried out by Mr. C. P. 
Holridge, also of the Corps of Engineers. The 
tunnel is 600 feet long and is bored in granite. 
Because of the greater penetration within the 
mountain compared with the Dalton tunnel, 
this site provides a lower noise level. 

The installation was completed with funds 
given by the Donors of the Seismological Labora- 
tory of the California Institute of Technology. 
The quartz standard is situated about 100 m 
from the entrance. The recording room is large 
enough to accommodate a number of experi- 
mental pendulum seismographs in addition to 
the strain recorder. 
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Galvanometer Recorder for Seismic Waves 


The strain produced by plane progressive 
seismic waves is proportional to the ground- 
particle vibration velocity. Hence for waves of 


earthquake of December, 4 1957 (45° N, 
101.5° E.,. M = 8+,A = 10,700 Km), made at 
Isabella with this combination is reproduced in 
Figure 10. The direct-strain recording from the 
Esterline-Angus recorder of the same instry. 


R/2 


Cc 
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FicurE 9.—TRANspUCER OutpuT Circuit SHOWING CONNECTION TO EsTERLINE-ANGUS RECORDER ANI 
DIFFERENTIATING CIRCUIT FOR GALVANOMETER RECORDER G 
Rz, R: are high-resistance leaks for draining off electrostatic charges. 


constant energy the recorded amplitude is the 
same for all periods. If the waves have constant 
ground-particle displacements, they are re- 
corded with amplitudes which decrease as 1/T 
where T is the wave period. Observations have 
shown that in earthquake waves the ground- 
particle velocity generally decreases with in- 
creasing period for periods greater than about 
60 seconds. For these longer-period waves, 
therefore, a recorder in which the pen de- 
flection is proportional to the ground displace- 
ment permits the long-period waves to be more 
clearly distinguished from the background of 
short-period waves. Accordingly an additional 
recorder having such characteristics was in- 
stalled at Isabella. A high-impedance resistance- 
capacitance differentiating network (Fig. 9) is 
shunted across the transducer output. The out- 
put voltage of the network is thus proportional 
to the ground-particle acceleration. It is applied 
to the terminals of a 10-minute-period recording 
galvanometer, designed by Francis Lehner, in 
accordance with specifications dictated by the 
differentiation network. Since a galvanometer is 
a double integrator for periods shorter than its 
own period, recordings made with this com- 
bination are proportional to ground-particle 
displacements up to wave periods of 10 minutes, 
where the amplitude falls to half value. A por- 
tion of the recording of the great Mongolian 


T=RC=4 SEC. 
+ 
EA 
RECORDER 


ment is shown in Figure 11. Since the time con} 
stant of the differentiating network is only 4 
seconds, the response of the network-galva 
nometer combination to tidal strains is negli 
gibly small. This combination is useful for long 
period waves of intermediate range, roughly 3 
seconds to 10 minutes. For the ultra long-peri 

waves ranging into hours the unmodified direct 
tidal-strain recorder is greatly superior. 


NoIsE CONSIDERATIONS 
Definitions 


The recorded unrest not due to seismic 
waves, tectonic-strain increments, or tidal 
forces is here termed noise. The limit of useful 
sensitivity within a given frequency band is 
determined by the noise level in that band. 
Since this useful limit appears to be reached in 
the Dalton and Isabella extensometers, a cot- 
sideration of the characteristics of the severd 
known sources of noise should provide the clues 
to the design of instruments of higher sens: 
tivity and greater precision. 


Temperature Variations of the Quartz Standari 


These include the annual temperature cyt 
of the tunnel as well as shorter-period fluctu 
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NOISE CONSIDERATIONS 
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ations arising from variations in the circulating 
air temperature and presence of operating 
personnel. The annual cycle can be reduced 
sufficiently by location of the tunnel at sufficient 
depth within the ground. The expansion co- 
efficient of fused quartz is approximately 
5 X 107 per degree centigrade. If the annual 
cycle is reduced to 0.01°C. amplitude, the cor- 
responding noise level due to this source is 
5 X 10~°*. This is already considerably above 
the operating level of the present instruments. 
However, since this noise occurs in a very nar- 
row frequency range, far removed from that of 
seismic waves and tidal strains, its effect in the 
study of these phenomena can be eliminated 
satisfactorily with the use of filter-type devices, 
and in most cases even these are unnecessary 
owing to the slowness of the temperature cycle. 
Although it falls within the range of secular 
tectonic strains its adverse effect in this range 
also is reduced, owing to the narrowness of its 
band width (7.e., it is nearly sinusoidal in 
form). Furthermore, temperature measurements 
within the tunnel provide corrections to the 
recorder readings sufficient to reduce this effect 
by a factor of 10 or more. Thus if limited by the 
annual temperature cycle of the quartz stand- 
ard only, tectonic strains of very small magni- 
tude can measured. The quartz tube is wrapped 
with a layer of glass wool which, together with 
the trough enclosure, reduces the short-period 
temperature fluctuations to negligible ampli- 
tudes. 


Strains Induced at Depth by Temperature 
Variations of the Surface Layer 
of the Ground 


Even though temperature variations of the 
rock at the depth of the instrument are negli- 
gibly small, relatively large strains can never- 
theless be induced there by temperature vari- 
ations of the surface layers. This may be 
illustrated by reference to Figure 12 which is a 
schematic sectional representation of an exten- 
someter installation located in a tunnel within 
a mountain. We assume that temperature vari- 
ations of the rock surrounding the extensometer 
are negligibly small. The outermost 10-cm 
layer of rock at the surface may exhibit annual 
variations of 10°C. or more. Letting the solid 
line represent the surface at some mean tem- 
perature, the dashed line represents its position 
at maximum temperature. The whole triangular 
section is enlarged by the surface-layer expan- 
sion so that a substantial dilatation of the rock 
is elastically induced in the vicinity of the ex- 
tensometer. Moreover, the surface layers are 


subject to relatively large diurnal and shorter. 
period temperature variations also, and these 
fall within the period ranges of tidal and seismic 
strains which are recorded with high sengi- 
tivity. Owing to its nearness to the surface, 
the Dalton extensometer tidal recorder shows 
the short-period strains induced by insolation 
at the surface. On cloudy days the tidal-strain 
recording is regular as one would expect, 
whereas on clear days a sharp discontinuity 
occurs in the morning at the time the sun’s rays 
first strike the nearly vertical bare eastern rock 
wall of the canyon. Figure 13 is a reproduction 
of the Dalton bowstring record for 1957, 
December 9 and 10. December 9 was cloudy and 
December 10 was clear. The sharp discon- 
tinuity at 8:08 on the 10th and subsequent 
distortion represent the induced strain at depth 
resulting from the surface heating. The abrupt- 
ness of the discontinuity is evidence for the 
shallowness of the heated layer. At the Isabella 
installation where the quartz standard is situ- 
ated 100 m in from the surface, the effect of 
surface heating by the sun is not discernible on 
the tidal records. It may contribute to the 
noise on the higher magnification seismic-wave 
recorder. These observations show that in order 
to effect a maximum reduction of surface- 
generated noise, the extensometer must be lo- 
cated as far as possible from the surface, and 
probably the site must be in level country since, 
if the surface is horizontal, surface-temperature 
variations produce stress variations at depth 
but little or no strain increments. 


Noise Generated by Barometric Variations 


Barometric fluctuations produce changes in 
the length of the quartz standard and changes 
in the dimensions of the rock mass. The effects 
of these changes on the recording system are 
opposite in sign so that if they are equal in 
magnitude, no noise is produced. The response 
of the quartz standard itself is easily computed. 
Let P be the magnitude of the pressure change 
in dynes/cm? and k be the bulk modulus. Then 
the strain increment in the standard 3 
a = P/3k. The strain increment in the rock 
depends upon the geometry of the mountain as 
well as its bulk modulus and is not readily 
computed. In general, the two responses are un- 
equal, and consequently a barometric noise 
proportional to their difference appears In the 
recording. It should be possible to introduce 4 
barometric compensation mechanism into the 
recording system for reducing the barometric 
noise, and work is in progress on such a device. 


Anoth 
the grou 
discernib 


FiGuRE 


FicurE 1. 


velocity 
duction 
locating 1 
as possib 


Noise 
water cor 
strain va 
heavy ra 
companie 
This was 
water im 
when the 
and the | 
recovery 
original i 
principal! 
the surfa 
in level ¢ 
ated by ’ 
although 
local vari 


if 
| 
Dal 
Aplot 
Nents to 


NOISE CONSIDERATIONS 


Wind Noise 
Another source of noise is wind blowing over 


the ground surface. At Isabella wind noise is 
discernible on the strain record whenever the 
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tion of the water in the reservoir and the average 
temperature reading of three thermometers 
situated at the two ends and middle of the 
trough are also indicated. 


FicurE 12.—EFFEcCT OF THERMAL EXPANSION OF SURFACE LAYERS OF GROUND ON EXTENSOMETER 
MounTED WITHIN A MOUNTAIN 


OVERCAST 
DEC. 9, 1957 


CLEAR 
8:08 DEC. IO 


FicurE 13.—Datton BowstRING TIDAL RECORDING SHOWING ELAsTIC STRAIN DiscONTINUITY INDUCED 
AT DEPTH FROM SURFACE HEATING OF THIN LAYER BY MORNING SUNLIGHT 


velocity exceeds about 20 miles per hour. Re- 
duction of this type of noise can be effected by 
locating the vault in smooth level country as far 
as possible from the surface. 


Ground-W ater Noise 


Noise produced by changes in the ground- 
water content of the surface layers also produces 
strain variations. Thus at the Dalton site a 
heavy rain following a long dry season is ac- 
companied by a rapid dilatation of the ground. 
This was at first attributed to the rise in level of 
water impounded back of the dam. However, 
when the valves of the dam were opened later 
and the level of the water fell rapidly, the strain 
recovery represented only a small portion of the 
original increment which was therefore caused 
principally by water held in the interstices of 
the surface rock and soil. Location of the vault 
in level country would reduce the noise gener 
ated by variations in ground water somewhat, 
although the reduction would be limited by 
eal variations of porosity. 


INITIAL OBSERVATIONAL DATA 
Dalton Secular-Strain Measurements 


A plot of the Dalton secular-strain measure- 
ments to date is shown in Figure 14. The eleva- 


Following completion of the installation in 
November 1953, equilibrium conditions in 
temperature and strain were not reached for 
several months until about July 1, 1954. 
During this interval, the time of minimum of 
the annual temperature cycle changed from 
about January 1 in 1954 to about March 1 in 
1955. The secular-strain curve is less regular 
than the temperature curve although the points 
scatter less. It exhibits a rather rough annual 
cycle, with the phase of dilatation maximum 
approximately coinciding in time with the tem- 
perature minimum. The temperature range from 
maximum to minimum is approximately 1.1°C. 
The corresponding range in strain is about 
2.2 X 10-® or approximately four times the 
variation produced by the thermal expansion of 
the quartz standard. This increase must be due 
to expansion of the rock. Moreover, the phase 
of the strain does not correspond to the phase 
of the tunnel temperature. It must, therefore, be 
induced by a temperature cycle in rock at some 
distance (presumably shallower) from the 
quartz standard. The lack of phase correspond- 
ence is particularly notable in the first 6 months 
of operation. 

The strain-noise level in an annual period is 
roughly 1 X 10~®. This, therefore, represents 
the precision limit for measurements of secular- 
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strain increments measured annually. Ac- 
cumulation of smaller annual increments would 
be discernible if measured over a number of 
years. Since a strain increment of 1 xX 10~® 
represents about 1 per cent of the earthquake- 
generating strain increment in the vicinity of 
the source, measurements with this instrument 
are significant only for sources that are fairly 
close—about 20-30 km. Installations with lower 
secular-noise levels are, therefore, highly de- 
sirable for secular-strain recording. In this 
regard, the Isabella extensometer appears to 
offer a substantial improvement principally 
because the instrument is located at a much 
greater distance from the surface. 


Isabella Secular-Strain Measurements 


A plot of the observed Isabella secular-strain 
increments in parts per million is shown in 
Figure 15. The greater regularity and much 
smaller annual effect of this curve as compared 
with the Dalton readings demonstrates the ad- 
vantage of a deep location within the mountain 
for the quartz standard. The duration of ob- 
servations at this site is insufficient to allow 
generalizations concerning the progress of 
secular strain. The strain variation from 
January 1957 to January 1958 was very nearly 
1 part per million, with no substantial subse- 
quent recovery. 


Tidal Strains and Earthquake-W ave Strains 


Tidal strains are well recorded at both the 
Dalton and Isabella sites, although disturbances 
resulting from surface temperature variations 
are clearly seen on the Dalton records. The 
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recording reproduced in Figure 11 is typical. As 
a result of secular-strain variations, the tidal 
recorded line slowly drifts toward one or the 
other edge of the chart. It is recentered by 
means of the push-button control of the ad- 
justing motor and gear train (Fig. 5). Eventy- 
ally the recentering will be accomplished 
automatically. 

Although the tidal recorder is well adapted to 
recording seismic waves with very long periods 
ranging from about 10 minutes to several hours, 
no earthquake has occurred since the instru- 
ment has been in operation in which such waves 
have been generated. The last earthquake ex- 
hibiting these waves was the Kamchatka shock 
of 1952 November 4. Although it is generally 
believed that the very long-period waves are 
produced by great earthquakes only, size is not 
the sole condition of their generation, since in 
the years since 1952 several shocks of equal or 
greater size than the Kamchatka earthquake 
have occurred without the appearance of the 
waves. Differences in the earthquake-generating 
mechanism must also be involved. 
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HISTORY OF IMURUK LAKE, SEWARD PENINSULA, ALASKA 


By Davin M. Hopkins 


ABSTRACT 


A study of Imuruk Lake, a large, shallow lake in north-central Seward Peninsula, 
Alaska, illuminates the climatic history of northwestern Alaska and the tectonic history 
of central Seward Peninsula during Pleistocene and Recent time. Special interest attaches 
to the older lake sediments, because they contain evidence concerning the climate, fauna, 
and flora that existed in the vicinity of Bering Strait at a time when the Bering land 
bridgé was open and when animal and plant populations were being exchanged between 
the eastern and western hemispheres. 

The lake is 8 miles long and less than 10 feet deep; bottom sediments consisting of 
reworked wind-blown silt bury a rolling bedrock topogiaphy of much greater relief. 
Analysis of the hydrologic regime indicates that much of the water draining into the 
lake is lost by evaporation; smaller quantities are lost by discharge through the outlet, 
the Kugruk River, and by leakage into the lava flows along the lake shore. Changes in 
the duration and temperature of the summer ice-free season would result in changes in 
the amount of water lost by evaporation and thus in appreciable changes in lake level. 

Imuruk Lake occupies an initial low area on basaltic lava flows of Quaternary age, 
but the initial low area has been modified by faulting and now lies in a poorly defined 
graben. Topographic evidence confirmed by study of lacustrine terraces indicates that 
until recently Imuruk Lake drained westward into the Noxapaga River instead of east- 
ward into the Kugruk River. A history of repeated warping of the lake basin, on which 
is superimposed a history of oscillating lake level which is due to changes in climate, is 
recorded by three systems of abandoned shore-line features found along the shores: a 
warped shore cliff of probable Illinoian age, a double set of warped terraces of probable 
Wisconsin age, and a low, horizontal terrace of Recent age. Bones of bison, horse, and 
mammoth were found in peaty sediments containing many twigs but no large wood; 
their presence indicates that these mammals, at least, were capable of surviving in a 
tundra environment during cold stages of the Pleistocene epoch and at a time when the 
Bering land bridge was in existence nearby. 

The sediments filling the deeper parts of the bedrock basin of Imuruk Lake probably 
contain an uninterrupted pollen record that reflects vegetation changes in central Seward 
Peninsula beginning in middle Illinoian time and terminating a few thousand years ago. 
Core drilling and pollen analysis of these sediments would greatly amplify our under- 
standing of late Pleistocene events in the vicinity of the Bering land bridge. 
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INTRODUCTION 
Imuruk Lake, a large shallow lake in north- 
central Seward Peninsula (Fig. 1), lies near the 
center of the migration route through which 
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Imuruk Lake was used from 1907 until about 
1930 to augment the supply available for 
placer mining at the junction of the Pinnell 
and Inmachuk rivers. For this purpose the 
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FicurE 1.—INDEX Map or SEWARD PENINSULA SHOWING LOCATION OF FIGURE 2 


plant, animal, and human populations have 
moved between the old and new worlds via 
the Bering land bridge. The lake is adjoined by 
a series of terraces that record local tectonic 
events and regional climatic episodes during 
late Quaternary time, and some of the terrace 
sediments accumulated during intervals when 
sea level was low and the land bridge open 
(Hopkins, 1959). A description of the lake and 
its ancient sediments thus forms part of the 
basis for developing a more general Pleistocene 
stratigraphy and chronology for areas border- 
ing the site of the Bering land bridge. 

Imuruk Lake is an irregularly shaped body 
of fresh water, about 8 miles across, in north- 
central Seward Peninsula, 100 miles northeast 
of Nome and 60 miles south of the Arctic 
Circle. The area surrounding the lake is unin- 
habited and can be reached by aircraft equipped 
to land on the lake or by overland travel on 
foot from the heads of roads in the Kougarok 
River and Inmachuk River valleys. Water from 


discharge of the Kugruk River was inter- 
mittently diverted at a dam 1100 feet down- 
stream from Imuruk Lake into the Fairhaven 
Ditch, through which it was conducted 17 miles 
to the head of the Pinnell River (Fig. 2). 

This report is based primarily on investi- 
gations incidental to geologic mapping in the 
Imuruk Lake area in 1947 and 1948, during 
which repeated traverses were made around 
the lake shores. Six boat traverses were made 
across the lake, and 390 soundings were taken; 
bottom samples were dredged up with an 
improvised drag sampler at several points on 
each transect. Henshaw and Parker (1913) 
record the results of stream gaging on the 
Kugruk River and the Fairhaven Ditch in 1909 
and provide the basis for rough calculations of 
the hydrologic balance of Imuruk Lake. Most 
of the drainage basin of Imuruk Lake is shown 
on the Bendeleben C-3 quadrangle (U. S. 
Geol. Survey, 1950, 1:63,360). 
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GEOGRAPHIC SETTING 
Topography and Drainage 


Imuruk Lake receives drainage from an area 
of about 110 square miles extending from the 
Asses Ears, 614 miles north of the north shore, 
to the northeastern part of the Lost Jim lava 
flow, about 4 miles south of the south shore 
(Fig. 2). Drainage divides east and west of the 
lake lie within 1 or 2 miles of the shore. Free- 
water surfaces constitute more than a quarter 
of the drainage basin; Imuruk Lake occupies 
approximately 27 square miles, and smaller 
lakes constitute an area of about 2 square miles. 

Altitudes in the drainage area range from 
1021 feet on the surface of Imuruk Lake to 
2055 feet on a hill summit near the Asses Ears. 
Much of the drainage divide is formed by hill 
crests standing 200-1000 feet above Imuruk 
Lake, but long segments of the divide extend 
along interfluves between swales on otherwise 
featureless slopes, across swampy valleys, and 
through small lakes that drain in two directions. 
A lowland extending 3 miles northwestward 
from the northwest corner of Imuruk Lake 
rises about 60 feet above present lake level; 
Imuruk Lake once drained through this low- 
land into a tributary of the Noxapaga River. 

A study of deformed lake terraces along the 
northern and western shores of Imuruk Lake 
strongly suggests that the present outlet 
through the Kugruk River has developed rela- 
tively recently and that throughout most of 
its history the lake drained westward into the 
Noxapaga River. The evidence of the terraces 
is strongly supported by the youthful appear- 
ance of the Kugruk River Valley above Kug- 
ruk Canyon, and by the underfit appearance of 
the segment of the Noxapaga River between 
Carex Creek and Berry Creek (Fig. 3). 

The lake is drained at present by the Kug- 
ruk River, a swift, narrow stream that has a 


D. M. HOPKINS—HISTORY OF IMURUK LAKE, ALASKA 


summer discharge of generally less than 6 
cubic feet per second at the outlet. The course 
of the Kugruk River from Imuruk Lake to 
Kugruk Canyon, 414 miles downstream, lies 
in a wide, irregular valley that appears to 
represent primary relief on the surface of lava 
flows, modified only slightly by the work of the 
river. 

Throughout most of this reach, the river js 
confined between banks 1-3 feet high, and the 
channel is choked with subangular boulders oj 
basalt up to 10 feet across. About halfway be. 
tween Imuruk Lake and Kugruk Canyon, the 
swift, steep course is interrupted by a reach ir 
which the river flows through a lake abou 
1000 feet in diameter. The stream enters th: 
Kugruk Canyon in a series of precipitous rap. 
ids entrenched slightly into the west wall 
The canyon appears to have been carved by: 
smaller tributary entering from the south. 

The river lacks a flood plain in most places, 
and no stream terraces are seen upstream from 
Kugruk Canyon. The valley is so shallow nea 
Imuruk Lake, however, that the width of the 
channel would increase to several hundred feet 
if lake level rose as much as 10 feet. Genera 
appearances suggest that the upper Kugruk 
River has occupied its valley for only a short 
time and that it has neither deepened nor ag- 
graded its valley appreciably. 

The original outlet of Imuruk Lake wa 
through a low swampy area extending 3 mile 
northwestward from the northwest corner 
the lake. The outflow drained through an un 
named northern tributary to Carex Creek ané 
entered the Noxapaga River about 10 mile 
below the former outlet (Fig. 2). 

From the mouth of Carex Creek to the 
mouth of Berry Creek, 1714 miles farther down- 
stream, the Noxapaga River flows within but 
does not fill a meandering channel that must 
have been carved by an ancient stream that 
had much greater discharge. The Noxapaga 
River in this segment flows in deep, winding, 
lakelike reaches, without perceptible current, 
that are connected by narrow, shallow reaches 
of swift current (Fig. 3). The lakelike reache 
occupy the width of the ancient channel, but 
the water surface at normal discharge is 10 
15 feet below the tops of confining banks 0 
flood-plain silt. The swift reaches occupy only 
part of the width of the ancient channel an¢ 
have developed incipient secondary meander 
that have about half of the radius of the larg 
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graben involving the basaltic lava flows and 
older rocks and extending northwestward across 
the area shown in Figure 2. The graben is 
bounded on the northeast by a wide swarm of 
short southward-facing escarpments and linear 
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inaded the Noxapaga Valley at Andesite 
Creek, about 12 miles below Berry Creek, but 
does not seem to have played any role in the 
awomalies of the course between Carex Creek 
and Berry Creek. Instead, the river seems to be 
uderfit and to be flowing within the channel 
ofastream that originally carried at least twice 
thepresent discharge. The Noxapaga River now 
dains an area of 145 square miles above the 
mouth of Berry Creek; 60 square miles of this 
ata is drained by Carex Creek and the Noxa- 
pga River above Carex Creek. If the Noxa- 
paga River received the outflow from Imuruk 
lake, its drainage area and presumably its 
discharge would be nearly doubled above the 
mouth of Berry Creek and nearly tripled at 
the mouth of Carex Creek. 


Geology 


Imuruk Lake occupies a primary depression 
om the surface of a sequence of basaltic lava 
flows of middle Pleistocene (probably Illinoian) 
age (Hopkins, 1955, Ph.D. thesis, Harvard 
Univ.), but the form and extent of the depres- 
sion has been modified by faulting during late 


Pleistocene time. The lake basin now lies in a 
sgment of a complex and vaguely defined 


FIGURE 3.—VALLEY OF THE NOXAPAGA RIVER Nortu OF LAvA LAKE 


Showing wide lake-like reaches where ancient channel is filled with water and narrow swift reaches 
where part of ancient channel is now dry (stippled areas). Note the much smaller meanders in the narrow, 
sit reaches as compared with those in the wide, lake-like reaches. Hachures mark the outer limits of 
abw terrace that probably was the flood plain when the Noxapaga River carried the outflow from Imuruk 
lake and the entire width of the ancient channel was occupied. Muskellunge Creek enters at lower right. 
Sietched from an aerial photograph. (See Fig. 2 for location.) 


topographic features (Fig. 2) that apparently 
are the traces of faults having displacements 
of a few tens of feet each. A northward-facing 
scarp 50-100 feet high defines the southwest 
boundary of the graben and locally forms the 
southwest shore of the lake. Deformation of 
the lake terraces indicates that the part of the 
graben occupied by the lake has been irregularly 
warped at least twice in late Pleistocene time. 

The basaltic lava flows of middle Pleistocene 
age form most of the lake shores; a lava flow 
of Recent age forms the Lost Jim Peninsula 
(Fig. 4); and a hill underlain by quartz mon- 
zonite and metamorphic rocks rises from the 
northeast shore. All the rocks except the 
youngest lava flow are mantled by wind-blown 
silt, commonly about 20 feet thick, derived 
during glacial intervals from outwash plains 
to the southwest. Fine-grained lake sediments 
are present in terraces distributed chiefly along 
the northern and western shores. The detailed 
outline of the lake has been modified recently 
in these areas by collapse resulting from the 
thawing of the perennially frozen terrace sedi- 
ments. (See Hopkins, Karlstrom, and others, 
1955, Pl. 31.) 


| 
| 
» 
» 
; 
| 
| 
| * 
| 
| 


AO SAMNLIVA HONOAH], TANI 
o 
Sx si 
juesesdes seunysoy | 2 | 
A Qa 
psor 
e 
m 
puos 
fo) oso1 
puog 
= 
72) 
F duvos 4 
n NOILYNV1dX3 a 1N9-3AVM HOIH 
8 
‘ 
4 0601 
19-3AVM HOIH 4.0901 
0201 4 0201 
N Vv 
peo 


GEOGRAPHIC SETTING 


Vegetation and Climate 


Imuruk Lake lies west of the western limit 

i spruce on Seward Peninsula, and the hills 
ymounding the lake are covered by tundra 
ad shrub vegetation of several types (Hop- 
tins and Sigafoos, 1951, p. 63-66, Fig. 18). 
jpruce forest has extended farther westward, 
vel beyond Imuruk Lake, at several times in 
te past (Hopkins and Giddings, 1953, p. 25- 
}), but not during the periods when the ter- 
noes of Imuruk Lake were being formed. 

The climate, generally similar to the climate 
a Candle (U. S. Weather Bureau, 1943), is 
caracterized by cool summers and very cold 
waters. ~The mean annual temperature is 
pobably about 20° F. The absolute maximum 
temperature recorded at Candle before 1943 is 
§°: the absolute minimum is —60°. Subfreez- 
ing temperatures predominate from early 
(ctober to mid-May. Winters are cold and 
rther dry. Clear weather predominates, but 
intense storms, accompanied by high winds 
and precipitation, are frequent. Storms are less 
frequent from April until late July. Periods of 
drizzle and light showers are interspersed dur- 
ig early summer with periods of clear or 
patly cloudy weather. In late July, frontal 
passages again become common, and few days 
pas without at least a trace of precipitation. 
The air is seldom calm during summer, and 
winds having an estimated velocity of more 
than 30 miles per hour are frequent. 

The mean annual precipitation recorded at 
Candle is 7.43 inches, of which about 25 per 
cant falls as snow; more than 50 per cent of the 
rorded precipitation occurs during a well- 
(dined rainy season from July through Sep- 
tmber. The true precipitation at Candle and 
wher stations in northern Seward Peninsula 
may be much greater than the measured pre- 
pitation and of the order of 15 inches.! Hen- 
saw and Parker (1913, p. 231) show that the 
Kugruk River and Fairhaven Ditch discharged 
the equivalent of about 7 inches of annual runoff 
n 1907 and 1908, and that at least an equal 


quantity was removed by evaporation and 
kakage. 


PRESENT-Day LAKE 
Topography and Sediments 


Imuruk Lake is monotonously shallow and 
fat-bottomed. A basin 9 or 10 feet deep lies 
_' The difficulties of measuring true precipitation 


"windy, treeless regions such as Seward Peninsula 
we discussed by Black (1954). 
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between the Gull Islands and Camp Point 
(Fig. 4); Salix Bay and smaller embayments 
are nowhere deeper than 6 feet; elsewhere the 
lake is about 8 feet deep. 

Basaltic rubble forms the lake bottom in 
several areas lying within a few hundred feet 
of the shore and in areas within a radius of 
several hundred feet of the Gull Islands. Else- 
where, Imuruk Lake is floored by reworked 
wind-blown silt. The total thickness of the 
silt is unknown, but judging from the character 
of the surrounding terrain, a rolling bedrock 
surface that has a relief of at least several tens 
of feet and possibly several hundreds of feet 
must be buried beneath the flat lake bottom. 

Most of the beaches consist of steep planar 
slopes 5-50 feet wide extending from the bases 
of shore-line bluffs into the lake. Ice push plays 
a major role in the detailed sculpture of the 
beach; features resulting from ice push, includ- 
ing stone pavements, ice-abraded terrace faces, 
ice-plowed grooves extending perpendicular to 
the strand, and beach ramparts composed of 
large blocks heaped as much as 8 feet high line 
much of the shore. Shore-line features built 
primarily by waves are rare except in the 
beaches of quartz-feldspar sand along the 
northwest shore. 

The beaches are composed in most places of 
discoidal or elliptical pebbles of basalt from 
half an inch to 3 inches in diameter that form 
a thin shingle or pavement over bimodal 
mixtures of rocks and silt. Much of the basaltic 
gravel is derived from relatively distant shores 
and has reached its present position by ice 
rafting. Blocks of basaltic lava 1-6 feet in 
diameter line much of the south shore, and 
well-sorted quartz-feldspar sand predominates 
in beaches along the northwest shore adjoining 
hills of granite and schist. The heads of shel- 
tered coves and bays are lined by windrows of 
finely comminuted organic material composed 
of fresh plant remains and fragments of re- 
worked peat eroded from terrace faces nearby. 


Annual Regime 


Imuruk Lake is covered with ice more than 
two-thirds of the year. Ice forms in early Oc- 
tober and covers the lake until mid-June; the 
thickness of ice formed is unknown, but fresh- 
water lakes in this latitude in central Alaska 
acquire an ice cover about 4 feet thick during 
a normal winter (Max Brewer, 1956, oral 
communication). 

Most of the winter precipitation remains on 
the ground in the form of snow until late May; 
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the snow melt then drains to the lake, raising 
its level, and frees the ice cover from the 
shores. Summer precipitation seems to reach 
the lake with little delay, for lake level responds 
with considerable sensitivity to periods of rain. 
During the relatively dry summer of 1947, lake 
level fell several inches between July 1 and 
August 8; 3 days of continuous rain from 
August 9 through August 11 then brought lake 
level well above the highest previously noted 
position. During the dry weather, only a few 
clear streams entered the lake, but after the 3 
days of continuous light rain, small, turbid 
streams entered the lake through every ice- 
wedge-polygon furrow. 


Sedimentation 


Nearly all the sediment introduced into the 
lake consists of silt; the silty sediments are 
introduced into the lake basin during rain- 
storms in late summer and perhaps during the 
period of heavy snow-melt runoff in late May 
and early June. Alluvial fans of silt are built 
across gravel or rubble beaches during each 
summer storm by ephemeral streams draining 
through ice-wedge-polygon trenches. Waves 
then move most of the silt into the lake, where 
it settles when the wind subsides. 

Sustained winds of about 30 miles per hour 
generate waves that stir the bottom of the 
lake; enough bottom sediments are stirred into 
suspension to make the surface of the lake a 
dull red-gray within a few hours after the 
winds begin. Much of the sediment brought in 
suspension by the waves probably is carried 
out of the lake and down the Kugruk River. 
The frequent redistribution of bottom sedi- 
ments by waves generated by summer winds 
probably is the chief factor responsible for the 
monotonously flat topography of the lake 
bottom. 


Effect of Evaporation upon Lake Level 


The intermediate and low terraces at Imuruk 
Lake apparently record increases in lake level 
related to climatic changes that are superim- 
posed upon changes in lake level resulting from 
tilting of the lake basin. An evaluation of 
climatic and hydrologic factors affecting lake 
level is important in interpreting the signifi- 
cance of the terraces. 

The level of Imuruk Lake is controlled at 
present by precipitation in and runoff from the 
drainage basin, outflow through the Kugruk 
River and Fairhaven Ditch, leakage into lava 
flows along the shores, and evaporation from 
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free-water surfaces. Not enough data are 
available to permit a rigorous evaluation of 
all these factors, but data collected by Hen. 
shaw and Parker (1913, p. 231-235) demon- 
strate that leakage and evaporation are major 
factors affecting the level of the lake. In three 
places water from the lake can be seen draining 
with perceptible current into the basalt rubble 
lining the shore; the three visible subterranean 
outlets have a combined discharge of about 2 
cubic feet per second. 

Henshaw and Parker report that lake level 
was lowered by 0.85 foot during a 2-month 
period in 1909. Outflow through the Kugruk 
River and the Fairhaven Ditch accounted for 
the removal of 0.31 foot of water, and the re 
maining 0.54 foot was removed by leakage and 
evaporation. The three known subterranean 
outlets would have removed about 0.01-0.0 
foot of water at the rate of outflow observed by 
the writer. The unobserved leakage may have 
been much greater, but even if it were 10 time 
as great only 0.1-0.2 foot of water would have 
been removed by leakage during a 2-month 
period, and roughly 0.4 foot of water, or nearly 
half of the total observed reduction in lake 
level, would remain to be accounted for by 
evaporation. The total evaporation loss may 
have been even greater, for Henshaw ani 
Parker neglect the additional water that wa 
contributed to the lake by direct precipitatio 
and by inflow from tributaries during the gag 
ing period. The precipitation was not recordei 
at Imuruk Lake, but Candle received 2.2! 
inches or 0.19 foot of precipitation during the 
gaging period (Henshaw and Parker, 1913, p. 
25-26).* 

Increases or decreases in summer tempera 
tures and in the length of the ice-free seasor 
would have profound effects upon annual evapo 
ration losses. Longer or warmer summer 
should result in a lowering of lake level, an¢ 
shorter or cooler summers should produce 
higher lake levels. 


TERRACES AND RAISED BEACHES 
General Statement 


Three systems of abandoned shore-line 
features are found along the shores of Imuruh 
Lake (Fig. 4). The highest is a wave-cut scaly 


2The indicated summer evaporation rate ° 
0.2-0.3 foot per month at Imuruk Lake appears t 
be reasonable by comparison with the evaporatioy 
rates reported for the coldest months at Lam 
Mead, Nevada: 0.2 to 0.5 foot is lost per monly 
at Lake Mead when mean monthly temperatur 
are between 45° and 50°F. (Harbeck, Kohle 
Koberg, and others, 1958, Tables 18, 19). 
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TERRACES AND RAISED BEACHES 


sithout associated sediments. The intermediate 
nd lower systems consist of terraces composed 
nostly of lacustrine silt and peat. The high, 
save-cut scarp has been strongly warped, and 
he intermediate terraces less intensely warped, 
widently as a result of deformation of the 
jor of the graben in which the lake lies (Fig. 
}); the lowest terrace is essentially horizontal. 


High, Tilted Wave-Cut Scarp 


Description —The highest set of shore-line 
jatures at Imuruk Lake consists of a sinuous 
jave-cut escarpment extending discontinu- 
wly along the north shore from the base of 
Kettle Dome to the west side of the entrance to 
wix Bay (Fig. 4, hachures). The old shore 
ine is cut in lava flows of middle Pleistocene 
ye and in granite and schist. It is expressed 
a most places by concentrations of rubble 
dong minor nicks in hill slopes elsewhere deeply 
mantled with wind-blown silt. Solid rock is ex- 
sed in escarpments 5-15 feet high in a few 
jlaces. No associated water-laid sediments were 
ven, but the scarp’s sinuous trace indicates that 
itis not a fault scarp. 

The old shore line stands only 3 or 4 feet 
ihove present lake level along the base of 
Kettle Dome (Fig. 4 B). It rises steeply north- 
westward, however, to a height of 30 feet 
above present lake level east of the center of 
Granite Bay (Fig. 4 A). It stands between 30 
and 40 feet above present lake level wherever 
itcan be identified farther west. 

Age and significance—The high, tilted wave- 
ut scarp is believed to have represented the 
margin of Imuruk Lake until, and perhaps 
teyond, the end of the time of the Nome River 
daciation (Illinoian)*. The lake evidently 
miginated during the Nome River glaciation, 
or it is confined by lava flows that are con- 
tmporaneous with part of the Nome River 
daciation (Hopkins, 1955, Ph.D. thesis, Har- 
vard Univ.). The high tilted wave-cut scarp is 
the oldest recognized shore-line feature, and it 
S evidently contemporaneous with or younger 
than the principal period during which wind- 
blown silt accumulated, for rubble along the 
dd shore line lacks a thick mantle of silt, though 
bedrock on adjoining slopes is deeply buried. 

The height of the old shore line on Salix 
Peninsula indicates that Imuruk Lake probably 
drained to the Noxapaga River through the 
low pass at the northwest corner of the lake 
during the period when the high wave-cut 


*The glacial chronology of Seward Peninsula is 
Simmarized by Péwé and others (1953, p. 10-11). 
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scarp was being carved. The high shore line 
evidently was abandoned as a consequence of 
uplift of the northern part of the lake basin, 
which reached maximum intensity in the 
vicinity of Salix Peninsula and Salix Bay 
(Fig. 5). 


Intermediate Terraces 


Topographic expression.—Terraces represent- 
ing two intermediate systems of shore-line 
features are found discontinuously along the 
west, north, and northeast shores of Imuruk 
Lake from 114 miles south of Camp Point to 
1 mile southeast of Granite Bay; a comparable 
terrace is found on the largest of the Gull 
Islands. The terraces stand 5-20 feet above 
present lake level and reach maximum height 
along the east shore of Salix Bay. In most 
places the terraces are less than 100 feet wide 
normal to the lake shore; their surfaces com- 
monly slope lakeward at angles of 1°-5°. Wider 
horizontal terraces underlie areas of about 1 
square mile southwest of Camp Point and 
northwest of Granite Bay. The easternmost and 
largest of the Gull Islands is surmounted by a 
terrace remnant about 600 feet long and 100 
feet wide; the surface slopes uniformly from an 
elevation of 9 feet at the northwest end to 6 
feet at the southeast end. 

The gently sloping surface extending 3 miles 
northwestward from the northwest corner of 
the lake to the headwaters of the Noxapaga 
River and reaching a height of about 60 feet 
above present lake level is thought to represent 
the bottom of a former shallow bay occupied 
by the lake when the intermediate terraces were 
being formed (Fig. 5). 

The only erosional feature clearly associated 
with the intermediate terraces is a platform 8 
feet above present lake level beveled across the 
frost-rived rubble of a lava flow and adjoined 
at its inner edge by an escarpment 6 feet high 
(Fig. 4 C). The platform is surmounted by a 
ridge, possibly an ancient ice rampart, of beach 
gravel 2 feet high. 

The two groups of intermediate terraces can 
be distinguished from one another with cer- 
tainty only in the vicinity of Granite Bay and 
along the southeast shore of Salix Bay, where 
they are separated by a vertical interval of 
about 10 feet, but both groups are probably 
represented elsewhere around the perimeter of 
the lake. 

Terrace sediments —The terrace deposits are 
composed of inorganic sediments as much as 9 
feet thick overlain by 2-16 feet of detrital peat. 
The higher of the two groups of intermediate 
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FiGurE 5.—FORMER SHoRE Lines oF ImurRUK LAKE 


Projected to a northwest-southeast cross section from the former outlet to the Noxapaga River to the present outlet to the Kugruk River (Fig. 4). 


terraces is generally capped by a layer of yol- 
canic ash half a foot to 2 feet thick. The sur. 
faces of both sets of intermediate terraces are 
formed by half a foot to 3 feet of peat that 
developed in place. 

The basal inorganic sediments commonly con- 
sist of frost-rived basaltic rubble, mixtures of 
wind-blown silt and rubble, or massive blue- 
gray wind-blown silt. Locally, however, the 
basal part of the terrace deposits consist of 
beach sand, beach gravel, or stratified organic 
silt. 

The detrital peat is similar to wave-deposited 
peat accumulating along the present shores of 
sheltered coves. The detrital peat generally 
overlies the inorganic substratum with a sharp 
contact. It consists of thin layers of short, 
broken twigs, sedge stems, and moss fibers, 
alternating with layers that consist predomi. 
nantly of moss fibers and layers in which sedge 
stems constitute as much as 95 per cent of the 
total volume. The woody twigs range from \, 
to 14 inch in diameter and seldom exceed 3 
inches in length. Twigs in a single layer are 
generally of uniform size. None had attached 
roots. The twigs and sedge stems commonly 
are oriented parallel to one another; their long 
axes plunge 50°-60° toward the lake shore. A 
similar imbrication can be seen in the masse: 
of organic debris accumulating at the present- 
day shores of protected bays. 

Rocks up to 2 feet in diameter—probably 
ice-rafted—are scattered sparsely through the 
detrital peat in many exposures. Sand is dis 
seminated in some peat layers in the vicinity oi 
Granite Bay. Lenses a few inches thick of sub- 
angular pebbles in a matrix of silt are present 
locally. Detrital peat in the narrow point | 
mile south of Camp Point is interrupted by a 
series of wedges 4 feet wide and 8 feet deep 
composed of basalt pebbles in silt. The form 
of the wedges suggests that they are casts of 
ice wedges. 

Brown, silt-sized volcanic ash half a foot to 
2 feet thick overlies the detrital peat and is 
overlain in turn by half a foot to 3 feet of 
autochthonous peat in the higher group of 
intermediate terraces; similar ash is found in 4 
comparable stratigraphic position in bogs and 
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lake terraces elsewhere in the area. The ash mammo: 
generally shows no stratification, but layers of years, h 


dark-gray stratified organic silt are intercalated 
in some exposures. 

Fossils—Megascopic plant remains are 
abundant in the terrace sediments, but they 
have not been studied in detail. Leaves of willow 
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TERRACES AND RAISED BEACHES 


ai dwarf birch were recognized in the field. 
The wood consists entirely of twigs less than 
yan inch in diameter. No poplar or conifer- 
ys wood was seen in specimens examined by 
2.$. Sigafoos (Oral communication, 1953). 
jmdra vegetation similar to the present 
wetation and a climate having summers no 
amer than present summers are strongly 
aggested. 

Sbundant remains of extinct mammals were 
jund in positions indicating almost certain 
drivation from sediments of the intermediate 
taces. A definitive find consisted of several 
mmmoth bones encased in stratified sedi- 
nats freshly slumped from the thawing bank 
ofaterrace of the lower group, about halfway 
between Granite Bay and Salix Bay. An addi- 
tinal 20 bones and bone fragments and 3 
wl-preserved teeth of mammoth lay strewn 
almg 100 feet of beach adjoining the terrace. 
Awther find in place seems to be represented 
by Quackenbush’s report (1909, p. 123) of a 
mmmoth tusk “projecting from the surface of 
the ground near Imuruk Lake.” Bones, tusks, 
ad’ teeth of mammoth, bison, and _ horse, 
identified by Otto Geist, collector for American 
Muweum of Natural History (Written com- 
munication, 1948), were found by the writer in 
several other places on beaches adjoining lake 
teraces of the intermediate system. 

Age and significance.—The sediments under- 
lying the intermediate terraces probably were 
deposited during the Salmon Lake glaciation 
(Wisconsin). The two groups of intermediate 
tataces seem to record two periods of rising 
lake level that probably coincided with glacial 
aivances and that were separated by a period 
falling lake level that possibly coincided with 
agacial recession. The lake basin was warped 
ain after the formation of the intermediate 
teraces, and the present outlet to the Kugruk 
River probably originated as a consequence of 
the warping. 

The sediments of the intermediate terraces 
le in positions that were covered with 10-20 
let of water when the high wave-cut scarp 
represented the lake shore and are therefore 
younger than the Nome River glaciation 
(llinoian). The bones of horse, bison, and 


years, however, for bones of these mammals 
ae lacking in sediments of north-central 
Seward Peninsula that are shown by radio- 
carbon dating to be less than 10,000 years old 
Kulp, et al., 1952, p. 412, sample L117C; 
broecker, Kulp, and Tucek, 1956, p. 156-157, 
samples L117E, L137N, L137G). 
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Strand-line sediments extend from present 
lake level to a maximum height of nearly 20 
feet in some of the older intermediate terraces, 
and from below present lake level to a height 
of about 10 feet in the younger intermediate 
terraces; this indicates that lake level was 
rising while the terrace sediments accumulated. 
Because lake level is controlled to a consider- 
able extent by evaporation from the free-water 
surface during the ice-free season, the terrace 
sediments must have accumulated during inter- 
vals when summers were shorter and cooler 
than at present. Periods of short, cool summers 
can be equated on Seward Peninsula with 
glacial advances, retreats eastward of the 
forest boundary, and periods of intense frost 
riving of exposed bedrock; periods of longer, 
warmer summers can be equated with glacial 
recessions, extensions of the forest boundary to 
positions west of Imuruk Lake, and cessation 
of intense frost riving (Hopkins, in press; 
Hopkins, 1955, Ph.D. thesis, Harvard Univ.). 
The two periods of rising lake level probably 
coincide with glacial advances during the 
Salmon Lake glaciation; the intervening period 
of falling lake level may record a glacial re- 
treat within the time of the Salmon Lake 
glaciation. The tundra plant assemblage 
represented by the plant remains in the terrace 
sediments supports this hypothesis and elimi- 
nates the possibility that the periods of rising 
lake level could have taken place while summers 
were appreciably warmer than at present. 
The interpretation of the significance of the 
intervening period of falling lake level is less 
certain, for tilting of the lake basin may have 
been a contributing factor. 

The presence of remains of mammoth, bison, 
and horse in the sediments of the intermediate 
terraces indicates that these herbivores were 
able to support themselves in a region of 
tundra vegetation, and it places these three 
genera in the vicinity of Bering Strait at a 
point in time when the Bering land bridge was 
in existence (Hopkins, 1959). 

The widespread brown ash layer near the 
top of the older intermediate-terrace deposits 
represents an ash fall that took place just be- 
fore or just after lake level fell from the highest 
position recorded in the older intermediate 
terraces and before the sediments in the younger 
intermediate terraces began to accumulate. 

Several lines of evidence indicate that the 
basin of Imuruk Lake was again warped south- 
ward or southeastward after the deposition of 
the sediments of the intermediate terraces. 
Terraces assignable to the older intermediate 
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group on the basis of the presence of the ash 
layer range from 5 to 20 feet in height above 
present lake level; however, the terrace de- 
posits are composed primarily of detrital peat 
that evidently accumulated at a strand line, 
and the terrace surfaces must originally have 
been a nearly horizontal plane. The present 
differences in elevation imply warping. Inter- 
mediate terraces are lacking along the east 
and south shores in terrain where they would 
be expected if there had been no tilting; cor- 
relative sediments there must have been sub- 
merged below present lake level. The clearest 
evidence of tilting, however, is found on east 
Gull Island, where a terrace formed by detrital 
peat capped by the ash layer slopes southeast- 
ward at a gradient of 3 feet in 600. 

If Imuruk Lake had any outlet during this 
period, it probably continued to drain westward 
to the Noxapaga River until after the tilting 
of the intermediate terraces. The present out- 
let valley contains neither terraces nor filled 
channels that could reflect fluctuations in the 
level of Imuruk Lake and appears to have 
been occupied by the Kugruk River for only a 
short time. The valley is so shallow that the 
river’s discharge would be multiplied many 
times if lake level were raised 10-20 feet. The 
present outlet apparently developed as a con- 
sequence of irregular warping of the lake basin 
that reached maximum intensity in the pass to 
Noxapaga River drainage at the northwest 
corner of the lake (Fig. 5). 


Low Terraces 


Description.—A single set of low terraces oc- 
cupies discontinuous small areas on all sides of 
Imuruk Lake. Low terraces underlain chiefly 
by peat stand 3-5 feet above present lake level, 
but ancient storm beaches composed of sand 
or gravel reach heights of 7 feet at Granite Bay 
(Fig. 4 D) and on the west shore of Salix Bay. 

Detrital peat predominates in terraces at the 
heads of protected bays. Elsewhere, the ter- 
race deposits generally consist of autochthonous 
sedge or grass peat containing lenses of strati- 
fied organic silt and commonly extending 3 
feet or more below lake level. Low terraces at 
Granite Bay and on the east shore of Salix 
Bay are formed by beach sand, and an ele- 
vated spit (perhaps an ancient ice rampart) on 
the west shore of Salix Bay is composed of 
pebble gravel. 

Plant remains in the sediments of the low 
terraces are similar to those in the sediments 
of the intermediate terraces; they suggest 
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tundra vegetation and a climate having sum. 
mers similar to or colder than present surnmers, 
Fragmentary bones and antlers of caribou and 
moose were found in detrital peat overlying 
beach sand in a low terrace at the east end of 
Imuruk Lake. The bones were rotted but were 
considerably lighter in color than the thor. 
oughly patinated bones associated with ter. 
races of the intermediate system. 

Age and significance——The lack of bones of 
extinct mammals suggests that the low ter. 
races are less than 10,000 years old. An oscilla. 
tion of lake level from 3 feet lower than at 
present to about 5 feet higher than at preseni 
seems to be indicated. Oscillations resulting 
from manipulation of the diversion dam at the 
head of the Fairhaven Ditch have been of the 
order of only 2 feet (Henshaw and Parker, 1913 
p. 230-231) and thus cannot be related to th: 
development of the low terraces; instead, th: 
low terraces probably reflect low lake leve 
during a period when summers were longer ant 
warmer than at present, followed by high lak: 
level during a period when summers wer 
shorter and cooler. Periods of warmer summer 
about 8500 years ago and about 3600 years agi 
are recorded in north-central Seward Peninsul: 
(Hopkins and Giddings, 1953, p. 25-28). Thi 
rise in lake level during which the low terrace 
were formed probably followed one of thes 
two periods. 

The low terraces are scattered around th 
perimeter of Imuruk Lake and do not appea 
to have been deformed. The minor difference 
in elevations of their surfaces above presen! 
lake level are adequately explained by dif 
ferences in the processes by which different 
deposits were formed. 


SUMMARY OF THE HISTORY OF 
ImuRUK LAKE 


Imuruk Lake originated during the Nome 
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River glaciation (Illinoian) when water began 
to accumulate in a large depression on the) 
rolling surfaces of some recently extrudedj 
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SUMMARY OF THE HISTORY OF IMURUK LAKE 


ster accumulated to a depth of at least 40 
et. The lake then spilled over a low divide to 
de west and drained to the Noxapaga River 
nd ultimately to Bering Sea. The fact that 
awugh water accumulated to initiate external 
ininage indicates that evaporation rates did 
wtexceed present evaporation rates and thus 
dat summers were no warmer than at present 
uring Nome River (Illinoian) time.‘ 

Lake level fell during the Nome River-Salmon 
lke interglacial interval, presumably as a 
ult of an increase in water loss which was due 
increased evaporation during a period when 
ummers were considerably warmer. The lake 
yin was sharply warped at about this time, 
pbably by deformation associated with the 
dvelopment of the northwestward-trending 
giben enclosing the lake basin. 

The intermediate terraces record two epi- 
sdes of rising lake level during the Salmon 
luke glaciation. The increases in the level of 
te lake were a consequence of reduced evapo- 
ntion during periods when summers were at 
lust as cool as at present. The two periods of 
rsing lake level may have been separated by a 
priod of falling lake level, reflecting a brief 
interval of warm summers, or they may have 
len separated by renewed warping of the 
lke basin. 

Late in the time of Salmon Lake glaciation, 
the lake basin was warped again, and uplift 
centered near the former outlet to the Noxa- 
paga River; a new outlet developed draining 
into the Kugruk River and ultimately to 
Kotzebue Sound. A subsequent period of low 
lke level during an interval of warm summers, 
lowed by an interval of shorter, cooler sum- 
mers, is reflected by low terraces containing 
tetrital peat extending from 3 feet below to 5 
eet above present lake level. 


SIGNIFICANCE FOR THE HISTORY OF 
THE BERING STRAIT REGION 


Central Seward Peninsula had a severe 
dimate characterized by cold summers, height- 
‘ned frost action, and reduced evaporation 
tom free-water surfaces during the last two 
major glacial intervals. The forest boundary 
lay far to the east during the last (Wisconsin) 
glacial age as well as in the previous (Illinoian) 


‘Precipitation may have been higher on Seward 
tainsula than at present during the Nome River 
linoian) glacial interval, but I have shown else- 
"here (Hopkins, in press) that precipitation was 
tot higher than at present during the Salmon 
lake (Wisconsin) glacial interval. 
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glacial age. I have shown elsewhere (Hopkins, 
1959) that the entire Bering land bridge prob- 
ably supported only tundra vegetation. Ani- 
mals and plants migrating between the con- 
tinents must have been adapted to life in a 
tundra environment. Three well-established 
migrants evidently were adapted to tundra 
life, for the intermediate terraces at Imuruk 
Lake contain remains of bison, horse, and 
mammoth. 

Because of their geographic position and 
probable stratigraphic significance, the ter- 
races and bottom sediments of Imuruk Lake 
offer a fruitful field for further paleontological 
and paleobotanical investigations. A systematic 
study of the terrace sediments should yield a 
much richer vertebrate assemblage than is 
recorded in this report. The abundant plant 
remains in the terraces will facilitate paleo- 
ecological interpretations and also offer an 
opportunity to test by radiocarbon dating the 
correlations proposed here. Beneath the floor 
of the lake is a thick fill of silty sediments that 
should contain an uninterrupted pollen record 
extending from IIlinoian through Sangamon, 
Wisconsin, and well into Recent time. This long 
record of uninterrupted sedimentation would 
seem well worth exploring by means of core 
drilling and pollen analysis. 
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GRAVITY TECTONICS IN THE NAUKLUFT MOUNTAINS OF SOUTH 


WEST AFRICA ) 


By HerMANN Korn! AND HENNO MartTIN 


(TRANSLATED BY JOHN G. DENNIS) 


ABSTRACT 


The late Precambrian Nama beds of the Naukluft Mountains in South West Africa 
show intense Alpine-type deformation. 

The crystalline basement underlying these rocks is little disturbed. Its upper surface is 
basin-shaped. The intensity of deformation in the overlying Nama beds increases upward 
to a practically undedormed unconformity which separates the Nama into two folded 
units. The unconformity is overlain by a strikingly uniform and little disturbed dolomite 
bed. Above this dolomite the intensity of deformation once more increases; it reaches its 
maximum in this upper deformed unit. The folds delineate a cascading movement from 
the topographically higher northern hinterland and form a great arc in front of the steep- 
est slope of the basin, overriding the undeformed Nama beds of the southern foreland in 
a number of thrust sheets and nappes. 

These observations, based on detailed mapping from exceptionally favorable exposures, 
bring out a movement pattern which is plainly controlled by the shape of the basin. Such 
a pattern is best interpreted as due to plastic flow under the influence of gravity. 
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INTRODUCTION 


The work on which the present paper is based 
was suggested by the late H. Lotz. 

Geological maps of the western part of the 
Rehoboth area by Rimann (1915) and de Kock 
(1934) include the northern part of the Naukluft 
Mountains. Both surveys were primarily con- 
cerned with the basement complex and did not 
deal with the complicated stratigraphy and 
deformation of the Nama beds. 

The field work was done in 1935-1936 with 
several shorter visits later on. No serviceable 
topographic maps were available except for that 
of the Abbabis area by Maak (1924); hence the 
authors had to map topography and geology 
simultaneously. Owing to the extraordinarily 
complicated stratigraphic and structural rela- 
tionships, a key area including farms Biillsport, 
Blasskranz, and Tsawisis was first mapped on a 
large scale (1:10,000). This map is not repro- 
duced here because detailed sections (Fig. 11; 
Pl. 8) give a clearer picture of the structure. The 
survey was then extended to the whole area at 
1:50,000 (Pl. 1). The accuracy of Plate 1 is not 
uniform. There may be appreciable errors in 
the position of the valleys of the Meilenriicken 
Plateau and the eastern parts of farms Ubusis, 
Tsams Ost, and Lemoenput. 

The geology is well exposed. Only the bottoms 
of the greater valleys are alluviated. The valley 
sides are practically fully exposed. Hence the 
profiles in this paper could be copied directly 
from nature, with correct rendering of the finest 
structural details. 

South African stratigraphic terminology is 
adhered to in this paper. In particular, “series” 
and “system” do not necessarily denote time- 
rock sequences. 
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PHYSIOGRAPHY 


The Naukluft Mountains form one of the 
corner buttresses of Africa’s Great Escarpment. 
Their elongation, however, does not follow that 
of the escarpment (north-northwest) but points 
into the interior in a northeasterly direction 


(Fig. 1). The Naukluft range is the southem-} 
most unit with the characteristic northeast}: 


trend of central South West Africa (Fig. 1). 


The Naukluft Mountain area is about 70}: 


miles long and 30 miles wide (PI. 1). It is trum 
cated by a great peneplain. Therefore the 


highest mountains are flat-topped, and someg: 


are true plateaus. The peneplain is inclined, 


rising from east to west to a height of nearly§ d 
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Ficure 1.—Map SHow1nc LocaTION OF NAUKLUFT AREA 


1, Directions of late Precambrian folds; 2, late Precambrian granites; 
3, undeformed Nama beds; 4, post-Nama rocks 


1) m at the Friedensberg Plateau. To the 
west the plateau is cut by precipitous gorges 
ind breaks off abruptly toward the wide Namib 
Plains, 600-800 m below. To the southeast a 
teep, almost straight scarp divides the Biills- 
port Plain and the broad basin of the Tsauchab 
Valley on farms Onis and Urikos. This imposing 
Uiff is pierced by the Tsondab River on farm 
Billsport. The river originates in low hills south 
tthe Billsport Plain and, flowing straight into 


the high Naukluft Mountains, cuts the high, 
lands in a magnificient valley flanked by pre- 
cipitous dolomite cliffs. On farm Abbabis the 
valley emerges into the wide Namib Plains. To 
the north the deep Noab Valley, extending from 
Nauzerus to Abbabis, divides the Naukluft 
Mountains from the granite hills of the Nauchas 
Highlands. 

By far the greater part of the Naukluft 
Mountains is drained to the west, into the 
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Namib Desert. The calcareous waters of the 
springs which run through the great gorges cut 
in the limestone plateau have commonly de- 
posited enormous promontaries of tufa which 
jut out into the valleys and attain heights of 
up to 400 feet. One of the biggest of these (PI. 
2, fig. 1) has given its name to farm Blasskranz. 
The Naukluft valleys provide some of the 
prettiest landscapes of South West Africa. 

None of the valleys trending westward into 
the Namib Desert now reach the sea. They all 
end in great clay pans in front of or among the 
enormous red dunes of the central Namib 
Desert. 

Only the northeast corner of the range drains 
into the Fish River. Here broad, mature valleys 
dissect a low plateau, leaving only a few low but 
steep-sided ridges. These too terminate east of 
Slangpoort. 

The high peneplain and the broad eastward- 
draining valleys are both pre-Karroo, as evi- 
denced by Dwyka tillite found in the broad 
raised valley east of Garis. The tillite there rests 
200 m below the pre-Karroo peneplain. It is not 
bounded by faults and therefore appears to be a 
remnant of Dwyka beds which once filled the 
valley. Probably all the broad, mature U- 
shaped valleys were shaped by Dwyka ice. The 
difference in resistance to erosion between the 
Nama limestones and dolomites and the easily 
eroded Dwyka boulder shales facilitated re- 
newed excavation of the original valleys. The 
extraordinary ‘“poort” (gateway) of the 
Tsondab Valley at Biillsport must also be a pre- 
Dwyka feature, for there is a remnant of glacial 
till on a terrace in the poort. 


GEOLOGICAL SETTING 


The Naukluft Mountains are entirely made 
up of rocks of the Nama system (Fig. 8). Beds 
of the same age (late Precambrian?) cover a 
considerable area to the south, where they are 
only slightly affected by folding or faulting; 
they are undeformed even where they come up 
against the steep southeastern edge of the 
Naukluft Mountains (PI. 2, figs. 2, 3). In con- 
trast to this southern foreland, the mountains 
exhibit extreme folding of Alpine type. The 
folds, imbricate structures, and thrust sheets 
face south and southeast and terminate ab- 
ruptly at the almost rectilinear southeastern 
scarp. 

The upper Nama beds in the folded area 
differ markedly from those in the foreland. 
The normal succession consists of sandstones, 


quartzites, and shales. The deformed succession 
is one of limestones, dolomites, shales and 
conglomeratic shales, and limestones. The lower 
Nama beds in the mountains and in the fore. 
land are identical. 

The deformed rocks fill a basin formed by 
older basement rocks and elongated in a north- 
easterly direction. The basement rises abruptly 
to great heights, especially in the north. Thus 
the nature and extent of disturbances in the 
basement which accompanied deposition and 
folding of the Nama beds can be observed in 
the northern and western valleys and mountain 
sides. Here it is plainly evident that basement 
deformation is surprisingly slight compared 
with the intense folding of the higher levels, 


STRATIGRAPHY 
Pre-Nama Basement 


The basement complex is made up of several 
systems of widely different ages, separated from 
one another by great unconformities (Table 1). 

De Kock (1934) described the Marienho{ 
series in the area north of the Naukluft Moun- 
tains. The western and northern boundaries of 
the Naukluft Basin seem to be roughly out- 
lined by the strike of Archean crystalline rocks, 
which probably represent the Marienhof series 
in this area. 

Numerous north-northeast-striking diabase 
dikes traverse the gneisses and granites. They 
have not been observed in any of the succeeding 
formations. 

The Sinclair series consists of a great thick- 
ness of acidic extrusive rocks with andesitic 
lavas and sedimentary rocks present locally. 
The quartz porphyry hills on farm Nauzerus 
belong to this series, which also constitutes the 
high red ridge of Gurus Mountain to the west. 

The Sinclair series is overlain with marked 
unconformity by the Tsumis system, a thick 
succession of sandstones, arkoses, quartzites, 
conglomerates, and shales. A detrital breccia is 
commonly found at its base. 

This succession may be up to 30,000 feet 
thick. Rimann (1915) and de Kock (1934) have 
included it in the basal beds of the Nama 
system, on the basis of observations east 0 
Garis. There the Nama system overlies older 
sedimentary rocks more or less conformably 
over great distances. Nevertheless, the trans- 
gressive nature of the contact can be recognized. 
The numerous quartz veins which traverse the 
Tsumis series are cut off at the base of the 
Nama system. Not one penetrates the basal 
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STRATIGRAPHY 


wnglomerate. In the neighborhood of Nauzerus 
the unconformity is clearly recognizable. The 
tase of the Nama beds transgresses from the 
Tsumis rocks over the porphyries of the Sinclair 
zties and finally overlies the older granites. 
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Fish River series 
Schwarzrand series 
Schwarzkalk series 
Kuibis series 

basal beds 


Upper Nama 


Lower Nama 


TABLE 1.—TENTATIVE STRATIGRAPHIC COLUMN OF SOUTH WEST AFRICA 


Age 


Representatives in Naukluft area 


Recent and Pleistocene 


—anconformity— 
Tertiary 
—unconformity— 
lower Jurassic to Penn- (Karroo system) 
sylvanian 
—unconformity— 


late Precambrian? (Nama system) 


—unconformity— 
(Damara system 
—unconformity— 
Tsumis system 
Precambrian —unconformity— 
Sinclair formation 
—unconformity— 
Marienhof series? 


River deposits 
Terraces 


Gravels 
Desert deposits 


Stormberg volcanic rocks and sedimentary rocks 
 —unconformity— 
| Dwyka series (marine and continental) 


upper Nama 
lower Nama 


A distinction had to be made between the 
two series. The pre-Nama series was named the 
Tsumis system”’, after farm Tsumis 80 miles 
uth of Windhoek (Fig. 1). The Tsumis rocks 
serve the status of a system (South African 
erminology) because of their great thickness 
ind wide distribution. They can be followed 
tom Nauzerus, past Tsumis and Gobabis, and 
ar into Bechuanaland. 

West of the Naukluft Mountains, the Tsumis 
ystem reappears under the Nama beds on 
arms Die Valle, Tsams, Sukses, and Felseneck. 
ln this area the angular unconformity is very 
marked. 

The late Proterozoic Damara system is 
represented by a series of highly folded dolo- 
mitic marbles and phyllitic shales in the north- 
western corner of Plate 1. Its relationship to 
the Tsumis system is not yet clear, but the 
Damara system is probably the younger. 


Nama System, Foreland Facies 


Stratigraphic relationships—Range (1912) 
ubdivided the Nama formation as follows: 


This subdivision is based mainly on the 
development of the Nama series in the Bethanie 
district. The Kuibis quartzite thins to disap- 
pearance toward the north, so that the Schwarz- 
kalk series directly overlies the basal beds in 
the Naukluft area (Haughton and Martin, 
1956). 

Basal beds —Few of the basal beds exceed 10 
m in thickness, and many are even less than 
1-2 m. Commonly a psephitic quartzite, 1-2 m 
(3-6 feet) thick rests on the basement. This 
basal conglomerate is overlain in places by 
alternating marly, dark-gray shales and thin 
layers of quartzite with an occasional thin, 
yellowish-brown dolomite band, and passes up- 
ward into the Schwarzkalk series. 

Schwarzkalk series ——The limestones forming 
this series are distinctly bedded and are dark 
gray to bluish black owing to finely divided 
disseminated carbonaceous matter. Many of 
the black limestones are stinkkalke. 

The series varies considerably in thickness. 
In the Zaris Mountains, south of Hauchabfon- 
tein, it attains a thickness of about 300 m 
(1000 feet). It thins toward the east and ex- 


tends beyond the map area near Cambells Aub 
with a thickness of about 270 feet. It is here at 
least partly replaced by a shale-dolomite facies. 
The Schwarzkalk series where fully developed 
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the folding. It forms a line of northeast-trending 
hogback hills which follows the main Naukluft 
escarpment along its whole length (PI. 6, 4), 
In this horizon, as in the underlying Schwarz. 


++ +++ + +8. 


++ +++ 


shows three great cycles of sedimentation (PI. 
2, figs. 2, 3). Each cycle is represented by about 
330 feet of rocks, beginning with shales and 
thinly bedded limestones and ending with 
thicker beds. The incompetent shales represent- 
ing the beginning of each cycle have guided the 
subsequent folding. In the neighborhood of 
Hauchabfontein, and east of Slangpoort, reef 
dolomites with stromatoporid structures occur 
in the upper Schwarzkalk beds. These shallow- 
water deposits seem to indicate a northeasterly 
ridge in the Nama basin which may have con- 
fined the later folding on its southeastern 
boundary. 

Schwarzrand series—On farm Urikos the 
lower part of the Schwarzrand series is well 
exposed at the foot of the Zaris Mountains. 

Above the Schwarzkalk is 100-120 m (330- 
400 feet) of soft gray and greenish shales. They 
are overlain by dark-gray limestone, yellow 
dolomite, and brown-weathering quartzite beds. 
About 5 km farther north, between Urikos 
farmhouse and the southeast scarp of the Nau- 
kluft Mountains, this unit has been involved in 


FIGURE 2.—WEDGEsS OF BASAL BEDs 
Horizontal and vertical scales are equal. Dolomite and limestone of ridges (heavy black stripe 

unconformities within the wedges and deformation increasing from highest to lowest bed show tl Pi 
with dolomite matrix; 4, coarse psephitic quartzite; 5, dolomite; 6, dark-gray limestones alternatij 


kalk beds, the facies changes toward the north- 
east. Between farms Urikos and Onis, limestone 
and dolomite beds grade into quartzites, so that 
northeast of Onis the whole zone consists of 
brown-weathering quartzites with brown shaly 
intercalations. The facies transition takes place 
in each bed. This quartzite horizon (PI. 6, 4, 
stippled layer in .Schwarzrand series) has 
resisted erosion and is mainly responsible for 
the straight outline of the southeastern moun- 
tain face. 

In the northeast corner of the map the 
quartzite swings away toward the south, form- 
ing the steep anticline of Achaub. 

The quartzites are succeeded by brown shales. 
De Kock (1934) designates the shales below the 
quartzites as the Lower Shales and the higher 
shales as the Upper Shales of the Schwarzrand 
series. 

Fish River series —The red to reddish-brown 
and purple sandstones, quartzites, and shales 
of the Fish River series do not occur within the 
boundaries of Plate 1. 


tail 

+ + + + + + > 

+ + +r 

very 

coup 
ment 
Ther 

relat 

= to so 

TI 

Schw 

; ment 

that 

sequi 

The | 

the 

the h 

vari 

Varie 

rand 

Schvw 

moun 

flank: 


STRATIGRAPHY 1053 


rending Nama System, Naukluft Facies Their development remains the same every- 
aukluft Stratigraphic relationships—In the moun-_ where. 
6, A). | tains, the Nama system displays a great variety The mountains, compared with the foreland, 


chwarz- | of formations. Deciphering of the succession is display a greater irregularity of basement 


<> 


+++ 


+ 


GRANITE (FARM STOLZENFELS) 


ck stripe va quartzitic facies in the depressions; note the deepest depression to the southeast. Several small 
| show thgpn. subsidence, and sedimentation were contemporaneous. 1, Quartzite; 2, dolomite; 3, conglomerate 
alternatigp@d dolomitic limestones; 7, thin quartzite; 8, gray shale; 9, black limestone of Schwarzkalk series. 


> north- | "etY difficult because of (1) intensive folding topography. In the foreland, along the Zaris 
ecules coupled with large-scale horizontal displace- Mountains, the base of the Nama is an almost 
so that @ tent of entire series and (2) absence of fossils. flat plain. Farther south, in the districts of 
iain al Therefore, in spite of excellent exposures, the Bethanie and ‘Warmbad, the relief includes 
n chaly | “tionship between the various series remains buried hills rising like monadnocks far above 
- place to some extent uncertain. base level. In the folded area, by contrast, it 
164 The Schwarzkalk and the lower part of the shows depressions and gullies of varying di- 
\ y. § Schwarzrand series have the same develop- mensions. Some of the depressions existed be- 
ment in the mountains as in the foreland, so fore sedimentation began. They are filled with 
that there can be little doubt that the whole coarse local debris. Rimann (1915) and de Kock 


es) has 
ible for 


| moun- sequence belongs to the Nama system (PI. 1). (1934) have described this feature from farm 
ap the The Schwarzkalk beds can be followed around 
the folded central part of the mountains. All q f 

the higher units have an entirely different facies SOME © 


compressed into deep wedges. 


in the i i : 
1 shales. mountains, characterized by a great The mutual reaction between sedimentation 


variety of dolomites and limestones. The series 


‘low the : ae and deformation has led to some interesting 
. higher = can be distinguished above the Schwarz- phenomena. They can be observed particularly 
arzrand | Md are here named the Zebra, Pavian, Dassie, wel] on farms Abbabis and Stolzenfels. In 

Kudu, and Klipbok series. Figure 2 the greater thickness of beds in the 
»-brown Basal and Schwarzkalk series —The basal and disturbed zone is immediately obvious. Both 


1 shales Schwarzkalk beds link the foreland and the the number and thickness of strata increase. 
shin the mountains. All along the western and northern Movement was continuous, for the degree of 
fanks they form the base of the higher series. deformation decreases upward. Each higher 
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bed is less intensely folded than its predecessor. 
In the central infolded wedge the basal bed is 
shortened by about 40 per cent; in the upper 
beds, shortening amounts to only about 5 per 
cent. 


of the mountains. (In Figure 4, profile c, the 
base of the Schwarzkalk is at a lower elevation 
than in the other profiles.) This depression, too, 
existed at the start of sedimentation. The basal 
quartzite, normally only 3-12 feet thick, here 


FicurE 3.—DETAIL OF INFOLDED BASAL QUARTZITE 
1, Granite; 2, quartzite. Small granite wedges bounded by two sets of chloritized shear planes have been 
forced into the apparently still unconsolidated sand. The overlying quartzite layer with a few small pebbles 
at its base has remained unaffected by these earliest movements. 


Although only small areas are affected, move- 
ments and relief differences have influenced 
facies. On the ridges a dolomite band (bed 5 of 
Figure 2) comes to lie directly on granite, a 
phenomenon which has been observed nowhere 
else in the area. Furthermore, the dolomite 
facies of the ridges grades into quartzite in the 
depressions. Similar phenomena are well known 
in the case of the great ridges in geosynclines. 
But it is surprising to find them on such a small 
scale, where differences in level amount to only 
a few feet. This example shows that sedimenta- 
tion can reflect small movements with great 
accuracy. 

The different granite blocks are separated by 
steep, chloritized zones of movement, and these 
commonly caused infolding of wedges. Figure 3 
gives a small detail from the edge of one of the 
deeper infolded wedges on farm Abbabis. It 
shows that during movement small granite 
wedges were dragged up until they became de- 
tached. 

These profiles reveal an embryonic folding 
phase, a kind of orogenic unrest during the first 
subsidence, before deposition of the Schwarz- 
kalk beds. Thus the contrast between deformed 
zone and foreland manifests itself early in the 
sedimentary record of the area. 

‘The base of the mountains contains depres- 
sions of vastly greater dimensions. The present 
Tsondab Valley follows such a depression from 
farm Zais to the west. Here the base of the 
Nama is at its lowest point in the northern part 


attains 60-70 feet. At the Zipfelberg, north- 
northeast of farmhouse Abbabis, transgression 
of psephitic basal beds is clearly visible (Fig. 5). 

In this Abbabis trough the Schwarzkalk series 
is largely undeformed. The reason for this will 
be discussed later. South and east of Abbabis, 
however, the Schwarzkalk is only incompletely 
preserved, owing to folding and unconformities. 

The transition from Schwarzkalk to over- 
lying Schwarzrand is by an alternation of thinly 
laminated limestones and shales, as in the fore- 
land. 

Schwarzrand series —The Schwarzrand series 
has been affected by folding along the entire 
southeastern border of the mountains. The 
quartzite horizon is nearly everywhere over- 
turned toward the southeast. The profiles of 
Plate 6, A through the southeast scarp of the 
mountains reveal that the Schwarzkalk over- 
laps the Schwarzrand series over wide areas as 
a thrust sheet or nappe. Profiles b and f show how 
the vertically hachured Schwarzkalk series over- 
rides and planes off the stippled quartzite unit. 
Above this thrust sheet and interfolded with it, 
remnants of the Schwarzrand series occur in 4 
facies somewhat different from that of the 
foreland. North of Gabis Spring a white dolo- 
mite, overlain in turn by a dark-brown sandy 
conglomerate, overlies the Schwarzkalk beds. 
The pebbles of the conglomerate are black 
limestone and gray dolomite exclusively. This 
conglomerate is probably connected with fold- 
ing and emergence culminating in the uo 
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conformity not more than a few hundred feet 
above. The conglomerate layers alternate with 
brown-weathering quartzites and are overlain 
by greenish shales of typical Schwarzrand facies. 
A similar succession, but without conglomer- 


KORN AND MARTIN—GRAVITY TECTONICS, S. W. AFRICA 


Schwarzkalk beds without being disturbed, 
Only on the basement slope at the northwest 
end of the profile has it been affected by folding. 

The Schwarzkalk series is commonly altered 
to a yellow rock and dolomitized below the 


FiGuRE 5.—ZIPFELBERG: TRANSGRESSION OF BASAL BEDS ON NORTHERN SLOPE OF TSONDAB TROUGH 


From southwest to northeast the stippled basal quartzites progressively 
transgress the sloping granite surface 


ates, overlies the Schwarzkalk series northeast 
of Rokskeur (Pl. 6, A, middle of profile 6 on 
thrust sheet overriding stippled Schwarzrand 
quartzite). 

This seems to be an early more or less local 
beginning of dolomite development which is so 
characteristic of all the succeeding series. 

At the north and west end of the mountains 
no dolomites were observed, and Schwarzrand 
shales are preserved only locally above the 
Schwarzkalk series and underneath the un- 
conformity. 

Schwarzrand-Zebra unconformity—This un- 
conformity can be followed around the moun- 
tains (Pl. 1). Dipping inward at low angles, it 
forms a great shallow basin; it is everywhere 
overlain by a yellow-weathering dolomite. The 
dolomite is generally a little sandy and com- 
monly contains small quartzite pebbles, nor- 
mally less than 1 cm in diameter. Coarse dolo- 
mite crystals, possibly clastic, give a very 
characteristic appearance to this formation over 
wide areas. The thickness of this ‘‘Unconformity 
dolomite” ranges from 6 to 170 feet but is 
generally within a range of 15 to 30 feet. It 
normally overlies and truncates intensely folded 
Schwarzkalk beds or Schwarzrand shales folded 
into Schwarzkalk beds. Between Nauzerus and 
Stolzenfels it even transgresses from Schwarz- 
kalk onto pre-Nama formations (Fig. 4, profile 
f). In this profile the Unconformity dolomite, 
represented as a thin black and white checkered 
band, transgresses from the southeast over 
Schwarzkalk beds onto a basement wedge 
capped by Tsumis quartzites and again onto 


unconformity. This alteration may in certain 
zones extend down into the Schwarzkalk to a 
depth of 20 m (60 feet). 

Northwest of Gabis a green silicified rock 
with asbestos nests was observed under the un- 
conformity. This occurrence is very small and it 
has not been possible to determine whether it 
is an inclusion in the Schwarzkalk series or a 
basement wedge. 

The relationship of the Unconformity dolo- 
mite to the overlying series is unusual and 
perhaps unique in two respects. First, the 
dolomite has no part in the intense folding and 
thrust tectonics of the higher units (Fig. 6). 
Wherever it is observed, with rare exceptions, 
it is found undeformed between intensely folded 
Schwarzkalk beds below and intensely folded 
piles of nappes which are sheared off imme- 
diately above the dolomite. In addition, sur- 
prisingly, different units overlie the Uncon- 
formity dolomite in different parts of the 
mountains. On farms Naukluft, Ubusis, Tsams 
Ost, and in the western part of Die Valle, the 
Zebra series succeeds the Unconformity dolo- 
mite. In the eastern part of Die Valle and along 
the edge of the mountains between Naukluft 
and Biillsport and thence to the northeast, the 
Dassie series overlies the dolomite. On farms 
Zais, Abbabis, Stolzenfels, and Nauzerus the 
northern facies of the Pavian series succeeds it; 
underneath the Tsondab Valley on farm Biills- 
port, the southern facies probably directly over- 
lies the dolomite. Thus, no less than four 
different series are in contact with Uncon- 
formity dolomite (Pl. 6, B). 
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erlain by the highly folded 


(checkered) overlies and truncates folded Schwarzrand shales and is in turn ov 


FIGURE 6.—ViEW OF MounTAIN Face ON Farm TsaMs 
Zebra series, consisting of shales (white), a quartzite band (stippled), and dolomite (vertical hachuring). 


Undisturbed Unconformity dolomite 


NNW 


These circumstances are so unusual that 
conceivably the unconformity in each place is 
tot the same one; possibly this may not be an 
mneonformity at all. In fact, while mapping 
vas in progress, the unconformity was for a 


long time regarded as a thrust plane, but 
eventually this view became untenable. For- 
tunately exposures are so good that the main 
inferences are no longe? in doubt. 

On farms Tsams Ost and Die Valle the un- 
conformity is well exposed over great distances. 
For many miles the Unconformity dolomite 
may be observed as a straight yellow band in 
the mountain flank. It is everywhere overlain 
and underlain by intensely folded formations. 
(See Plate 7, in which the Unconformity dolo- 
mite is represented by the checkered line, and 
Plate 3, figure 1, which is a photograph of part 
of the southeastern end of Plate 7. Note how 
evenly the Unconformity dolomite underlies the 
imbricated higher dolomite anticlines.) The 
sedimentary nature of the lower contact is best 
seen where it transgresses Schwarzkalk beds; 
there it is completely undisturbed and not even 
jointed over wide areas. Figure 7 shows condi- 
tions at a hill 1.4 miles northwest of the farm- 
house of Lemoenput. As the hill is immediately 
west of the road, the unconformity is easily 
accessible. The wholly undisturbed dolomite 
overlies the somewhat irregular erosion sur- 
face, filling pockets between truncated Schwarz- 
kalk beds. It also contains small fragments of 
Schwarzkalk near its base. The sedimentary 
nature of the contact is unmistakable. 

The best examples of different series over- 
lying this dolomite occur on farm Die Valle. In 
the Gams River Valley the dolomite extends 
from the base of the Zebra series under the 
Dassie series without being folded or faulted. 
Moreover, the folds of the Zebra and Dassie 
series have quite different axial trends, and the 
two series show no stratigraphic resemblances. 
Where they meet, above the dolomite, their 
fold axes form a complicated interference pat- 
tern. The Dassie series appears to intrude the 
Zebra series tectonically and to “underthrust” 
it. Away from this contact zone no fragment of 
the Dassie series exists underneath the Zebra 
series, and vice-versa. Here also, the Uncon- 
formity dolomite rests smoothly underneath the 
two series. 

Along the eastern cliffs of the Gams Valley 
the Unconformity dolomite rests perfectly 
smoothly (although it is somewhat crushed) 
underneath the steeply imbricated Dassie series 
(Pl. 3, fig. 1; Pl. 7). From there it can be fol- 
lowed northward continuously around the 
corner of the mountains to below Trig Point 
Danab, where the Pavian series takes the place 
of the Dassie. There the Pavian is pressed 
against the Dassie, and in both the folding 
trend is the same. There, too, the Unconformity 
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dolomite remains unaffected underneath the 
contact zone and extends te form the base of 
the Pavian series everywhere on farms Zais, 
Stolzenfels, and Nauzerus. In this area not even 
the smallest remnant of the easily recognizable 
Dassie series has been found (Fig. 8). 
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sufficient to explain the position of the Dassie 
series. 

The Dassie series in no way resembles the 
other three. Coloration differences are especially 
conspicuous. In contrast to the greens and blues 
of the other three series, the Dassie rocks are 


50m 


FicuRE 7.—UNCONFORMITY ABOVE FoLpED BLAcK LIMESTONE 


1. Black limestone of Schwarzrand series; 2, Unconformity dolomite 


In the southern part of the mountains the 
contact between the Dassie and the Zebra series 
is well exposed on farm Naukluft. In the contact 
zone the two series are intensely sheared, inter- 
folded, and brecciated, but the Unconformity 
dolomite underneath the contact zone is com- 
pletely unaffected. 

There can thus be no doubt that the un- 
conformity is directly overlain by several very 
different formations. What can be their rela- 
tionship—especially their age relationship? 
They meet only at narrow tectonic contact 
zones which allow no unequivocal interpreta- 
tion. Hence the nature of their contacts with 
the Unconformity dolomite is of great im- 
portance. Conditions are clearest in the case of 
the Zebra series. Against it the Unconformity 
dolomite has no sharp upper contact. 

It grades in a normal sedimentary sequence 
of alternating dolomite, quartzite and gray 
limestone bands into the lowest portion of the 
Zebra series. No doubt the Zebra series im- 
mediately and without a break overlies the 
Unconformity dolomite. Conditions are not 
quite so clear in the case of the Pavian series. 
But the close resemblance of the Zebra to the 
southern facies of the Pavian series (Fig. 8) 
makes it likely that the two might correlate, 
representing contemporaneous facies deposited 
in different parts of the Naukluft Basin. The 
absence of facies transitions is probably due to 
structure. These assumptions might explain 
superposition of the Zebra series and of the 
southern and northern facies of the Pavian 
series on the same unconformity. They are not 


red and purple. Such differences would seem to 
preclude facies substitution. Since at least the 
Zebra series succeeds the Unconformity dolo- 
mite normally, the Dassie must be younger 
than the Zebra. The nature of the contact of 
the Dassie with the Unconformity dolomite does 
not contradict this assumption. The purple 
slates which form the base of the Dassie are in 
all places intensely sheared directly above the 
Unconformity dolomite. Hence the contact 
may very well be tectonic. This reasoning leads 
to the conclusion that the Pavian or the Zebra 
series has been pushed away wherever the 
Dassie series rests on the unconformity (Pl. 6, 
B). 

No unconformity could be discovered in the 
equivalent foreland succession. But, as men- 
tioned, a portion of the Schwarzrand series is 
still preserved below the unconformity, at the 
edge of the mountains. Hence the unconformity 
must lie within or above the Schwarzrand series. 

It is worth mentioning that south of Malta- 
hdhe, layers and lenses of psephitic sandstones 
are intercalated in the upper divisions of the 
Schwarzrand series. It thus seems reasonable to 
assume that the unconformity correlates with 
rocks or with a diastem in the upper part of the 
Schwarzrand series. 


Succession Above Unconformity Dolomite 


Figure 8 shows stratigraphy and assumed 
correlations between the Zebra and northern 
and southern Pavian series. 

The northern and southern facies of the 
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Pavian series meet at the Pavianskopf, on farm 
Blisskranz. There the northern facies is pressed 
against the southern facies in steep folds and 
wedges. No transitional facies is preserved, but 


1059 


series has been deformed to such an extent that 
there can be no hope of finding striations or 
facets on the blocks. However, the psephitic 
slates and the conglomeratic limestone resemble 
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FicurE 8.—STRATIGRAPHY OF ZEBRA, PAvIAN, DassIE, AND Kupu SERIES, AND PROBABLE CORRELATIONS 
Thicknesses approximate 


both are overlain by the Kudu series, right 
across the contact. The main difference be- 
tween the two facies is that the northern facies 
is much thicker and more clastic. Within the 
boulder shales of the northern facies the pro- 
portion of basement constituents increases from 
south to north. 

Many of the conglomerates of the northern 
facies have the appearance of tillites. The 
components, neither rounded (with exception 
of basement constituents) nor sorted, are em- 
bedded in a silty or shaly matrix. On farm 
Blisskranz more than 99 per cent of the com- 
ponents are Schwarzkalk and dolomite frag- 
ments. All sizes occur, from small splinters to 
sharp-edged plates and blocks measuring several 
meters. 

In the Little Karas Mountains, Schwellnus 
(1941) found a tillite in the Schwarzkalk series. 
Hence tillites might be expected elsewhere in 
the Nama beds. Unfortunately the Pavian 


certain Alpine sedimentary breccias and Alpine 
wildflysch much more than they do glacial de- 
posits. These Alpine sediments have been cor- 
related with orogenic movements, and the same 
correlation appears possible and probable in the 
Naukluft Mountains. 

The breccia limestones of the Zebra series, 
too, are probably an indication of submarine 
slumping during sedimentation. On the whole 
the sediments seem to reflect tectonic unrest 
and quickly changing conditions. 

The Dassie and Kudu rocks are easily dis- 
tinguished by their red and purple coloration. 
They resemble one another to such an extent 
(Fig. 8) that they may well be contempora- 
neous. 

In this case, the Dassie would represent a 
southern facies, and the Kudu a northern facies. 
On the other hand, the Kudu may be younger, 
and the resemblance may be due to cyclic 
sedimentation recurring in each series. The 
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absence of fossils makes it impossible to de- 
termine which of the two alternatives is correct. 

The Klipbok series occurs only on farms Noab 
and Remhoogte. On farm Noab, Kudu dolomite 
is overlain by brown arenaceous slates, which 
in places begin with a coarse sedimentary 
breccia of dolomite blocks, derived from under- 
lying Kudu dolomite. It will be shown that 
deposition of this rock was related to tectonic 
movements. 

The brown slates in turn are overlain by a 
breccia limestone. It consists of more or less 
closely packed dolomite blocks and fragments 
in a blue-limestone matrix. The resemblance to 
the breccia limestone of the Pavian series is 
striking. In the Klipbok breccia several pieces 
of the characteristic sandy Kudu dolomites 
were found, proving the younger age of the 
Klipbok with respect to the Pavian which 
underlies the Kudu, and in which no sandy 
dolomite fragments have been observed. 

As the Naukluft Mountains have been in- 
tensively eroded since the folding, it appears 
probable that the Klipbok series, as preserved 
on farm Noab, is only a remnant of a much 
thicker succession. 


Age of the Nama System 


The age of the Nama system is still un- 
certain. A number of fossils have been found 
(Giirich, 1930; Haughton, 1929; Richter, 1955). 
None of these fossils is representative of a 
definite age, but because of the fossils most 
writers have assigned a Cambrian age to the 
Nama system. If this is correct, it is astonishing 
that no diagnostic fossil has yet been found in 
hundreds of square miles of excellently exposed 
marine sediments well suited for the preserva- 


tion of fossils. A late Precambrian age there. 
fore does not seem impossible. 

An upper age limit has been established jn 
Cape Province, where the Nama system js 
found to be older than the Lower Devonian or 
Upper Silurian Table Mountain sandstone. A 
lower limit can be recognized in the Witpiitz 
area, where the Nama system overlies the 
highest members of the Kaigas system. The 
Kaigas, in turn, is probably the equivalent of 
the Damara-Otavi system. The Damara and 
Otavi systems were formerly considered to be of 
different ages, but it has now been established 
that they are of the same age and that the 
Damara is the orthogeosynclinal equivalent 
of the Otavi, a shelf facies. The Damara-Otavi 
system is lithologically very similar to the Roan 
series of the Katanga system, and age deter- 
minations based on radioactivity strongly sup- 
port their equivalence. Mineralization and 
orogenesis of the Katanga system are dated at 
+630 X 10° years, whereas late syntectonic 
pegmatites of the Damara system have given 
age determinations ranging from 600 to 670 x 
10° years (Holmes and Cahen, 1955); hence an 
age of about 630 X 10° years for the final 
folding phase of the Damara-Otavi system 
seems highly probable. 

In the Witpiitz area the Nama beds are 
conformably folded together with Kaigas rocks 
but toward the east and the north transgress 
for hundreds of miles over older basement rocks, 
where they are entirely undeformed. The same 
relationship exists in the Katanga system of the 
Belgian Congo between the Roan series and the 
overlying Kundelungu series (Cahen, 1954), 
and, as the Nama system is lithologically very 
similar to the Kundelungu series (which has also 
been regarded as Paleozoic), it seems not at all 


Pirate 2.—PHYSIOGRAPHY OF THE NAUKLUFT AREA 
Ficure 1.—The great Blisskranz Tertiary spring deposit of calcareous tufa (400 feet high). 
Ficure 2.—Undeformed Scharzkalk series, Zaris Mountains. The three cycles of sedimentation form 


structural benches along the mountain sides. 


FicurE 3.—View from Zaris toward the Naukluft Mountains. Foreground: undeformed Schwarzkalk 
formation. Background: southeast scarp of Naukluft Plateau. 

Pirate 3.—DEFORMATION IN THE NAUKLUFT AREA 

FicureE 1.—Imbricated Dassie series on undisturbed Unconformity dolomite. This photograph shows 
part of Plate 7. Unconformity dolomite visible between the two white X’s. 

Ficure 2.—Pavian series on farm Blasskranz. Dolomite and black limestone (L) fragmentsin shaly matrix 
oriented and elongated (parallel to knife) at right angles to fold axes (black arrow at right). Below the 
knife a dolomite fragment (X) has been broken by stretching. Tension fractures are filled with white calcite. 
Note symmetrical conjugate-joint system. Photograph taken in neighborhood of Figure 3 of this plate, 


which shows accompanying folding. 


FicgurE 3.—One of the southern gorges on farm Blisskranz. Pavian series piled up in folds underneath 


Kudu nappe, (detail of structures shown in Plate 8, A). 
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FOLDING IN THE NAUKLUFT AREA 
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impossible that the Nama might be the equiva- 
int of the Kundelungu with an age of ap- 
poximately 630 X 10° years, and that it might, 
athe Naukluft area, be involved in the latest 
shase of Damara orogeny. Unfortunately no 
ge determination for the folding of the Kaigas 
gstem is yet available. 

Figure 1 shows the folding trends of late 
Precambrian orogeny; it also shows how snugly 
te Naukluft folding trends fit into one of its 
major arcs. 


Post-Nama Deposits 


The Karroo system is represented by a few 
rmants of Dwyka tillite, as was mentioned. 

The Tertiary comprises fossilized dunes which 
awe covered by recent dunes of the Namib 
Desert. The former are brownish-red, little 
mmsolidated sandstones showing dune struc- 
tues. Their extent coincides essentially with 
tut of the recent dunes. 

The thick, calcified conglomerates, screes, 
ad sands which fill all the valleys of the 
Mamib Desert and cover large parts of the 
phins are younger than the fossilized dunes. 
They attain thicknesses of several hundred feet 
inplaces. 


The great tufa promontaries (Pl. 2, fig. 1) 
my be contemporaneous with these fanglom- 
tates. The tufa deposits were built up mainly 
by algae. The flow of the springs must have 
ben far greater at the time of tufa formation 
tan it is at present. Tufa formation on a small 
sale may be observed at the springs to this 
ay. But big tufa deposits are being destroyed 
today, and in some cases only a few remnants 
‘till adhere to the cliff faces. 


Summary of Stratigraphic Results 


Facies of folded Nama beds in the Naukluft 
Mountains are very different from their equiva- 
lent foreland types. Only the Schwarzkalk and 
the lower portion of the Schwarzrand series 
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show the same development in both areas. In 
the folded area they are truncated by an un- 
conformity which is not present in the foreland; 
above this unconformity the folded area shows 
a rich variety of shales, limestones, breccia 
limestones, quartzites, and dolomites, whereas 
the foreland is characterized by the monotonous 
clastic rocks of the upper Schwarzrand and Fish 
River series. The sedimentary sequence in the 
folded area reveals several cycles of sedimenta- 
tion. Each cycle (series) seems to have begun 
with subsidence, followed by deposition of 
shales leading to an alternation of shales, 
quartzites (or conglomerates), distinctly bedded 
limestone, and dolomite, and ended with forma- 
tion of a massive dolomite. This sequence is 
typical for basin filling. Each series has at its 
base a natural gliding horizon, the shales. These 
are overlain by beds of widely differing com- 
petence, which the deforming stresses have 
affected in a different way in each series. These 
cricumstances are of considerable importance 
to the subsequent tectonic history of the rocks. 
The succession as a whole with its rapid 
alternation of clastic rocks, limestones, and reef 
dolomites recalls the succession of some of the 
Alpine nappes, especially the Upper East 
Alpine nappe. This resemblance is increased by 
intraformational breccias, conglomerates, and 
wildflyschlike rocks. In contrast to ‘‘normal’’ 
geosynclinal successions, however, the Nau- 
kluft succession is much thinner. The following 
paragraphs will show that deformation too, 
notwithstanding its intensity, differs in many 
respects from that of the great folded belts of 
the earth. In more ways than one the Naukluft 
Mountains reveal a miniature orogeny. 


TECTONICS 


Distinctive Features of Tectonic Style 


The tectonic style of the Naukluft Moun- 
tains has certain unusual features not known 
elsewhere. 


Pirate 4.—FOLDING IN THE NAUKLUFT AREA 


FicurE 1.—Detail from Figure 10. 


FicuRE 2.—Gams Valley on farm Die Valle. Folding and thrusting of chert-banded dolomite, Dassie 


Series, 


Pirate 5.—STRUCTURE DETAILS 
FIGURE 1.—Purple shales with thin limestone bands of Kudu series showing folding and intense cleavage. 
Photograph taken in gorge shown on Figure 3 of Plate 3. 


Ficure 2.—Calcite-filled symmetrical joint system. Developed in thin shale band between two deformed 


limestone bands. Dassie series on farm Biillsport. 


Ficure 3.—Boudinage structure. Formed by brecciated shales between thin layers of deformed limestone. 


lassie series, Aub Valley, farm Biillsport. 
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Deformation is very great. In the frontal 
zone the beds are piled up in isoclinal folds 
and imbricated structures; in the central area 
they are torn, dragged, and rolled out; at the 
northern edge they cascade into the basin in 
true cataracts of folds. The movement is 
oriented toward the south and _ southeast. 
Recumbent folds and even down-facing folds 
(plis retournés) abound. The folding is as uni- 
directional as in the Alps. 

In spite of its great intensity, the folding 
exhibits great freedom from confinement. This 
freedom is expressed in all structural features, 
large and small. There is not the high degree 
of parallelism which is a feature of intense 
folding in the Alps, and each series has a dif- 
ferent deformation style. The nappe front forms 
a wide arc, and the fold axes are relatively 
freely oriented. Transverse or diagonal faults 
are absent. 

In addition, the fold axes are differently 
oriented at different tectonic levels (“axial un- 
conformities”). No confining frame or load can 
have contained or controlled these divergent 
movements. 

The intensity of metamorphism is low. The 
shales are changed to slates or phyllitic shales 
at most. The limestones are only slightly re- 
crystallized, and all the thicker dolomites are 
brecciated. 

The thrusting movement is unusual. In spite 
of great displacement, older rocks are thrust 
over younger ones for great distances only 
exceptionally. The nappes are merely sheared- 
off sediment packs which remain, more or less, 
in their true stratigraphic sequence. Real over- 
thrusts are entirely confined to the frontal 
region. 


Tectonics of the Basement 


The basement is well exposed all along the 
northern and western edges of the Naukluft 
range. As already shown, movement began early 
in the sedimentary history of the basin. Initial 
subsidence is connected with these early move- 
ments which also affected deposition of the 
basal beds. Figure 2 shows steep chloritized 
shear zones striking northeast to north-north- 
east which are related to this movement. The 
northward- and southward-dipping faults seem 
to be conjugate shear planes. Vertical movement 
of wedge-shaped basement blocks along these 
shear planes resulted in some horizontal shorten- 
ing, but the vertical component (subsidence of 
the basin) was dominant. 

Observable zones of movement within the 
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basement are common only at the northern and 
northwestern edge of the basin, where the 
basement surface rises abruptly: this is another 
indication that these comparatively small move. 
ments are subsidiary to basin subsidence (Fig 
4). 
Undisturbed Schwarzkalk beds overlap many 
of these movement zones. Hence no appreciable 
movement appears to have taken place during 
Schwarzkalk deposition. 


Folding in Schwarzkalk and Lower 
Schwarzrand Beds 


Deposition of these sediments was followed 
by a second, intensified folding phase. During 
this phase basement movements were a mor 
violent repetition of the movements described 
in the last few paragraphs. They took plac 
only along zones which had undergone move. 
ment in the first phase. Cases of appreciabk 
downfolding into the basement again appear ty 
be restricted to the north and northwest edg: 
of the basin. The most important downfoli 
roughly follows the contact between the Sinclai 
series and the Tsumis system. It can be fo: 
lowed from the southern end of farm Abbabi 
southwest as far as farm Sukses, a distance ¢ 
about 20 miles. The greatest extent of thi 
downfolding is attained by a wedge of Schwarz 
kalk rocks which extends 600 to 1000 feet inti 
the basement. 

Profiles in Figure 4 show the style of thi 
downfolding. Lateral compression has resultei 
in predominantly vertical movements of th 
basement (Fig. 9). It is interesting to note hor 
closely these small granite wedges, bounded by 
steep, slightly curved thrust planes, resembk 
the great granite wedges which in the Alps form 
the northern slope of the Aar massif against th 
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jrmed beds. The undeformed portions have 
undergone relative movement along bedding 
planes. Each higher unit has transgressed the 
wit immediately below it and each has pro- 


1063 


still be inferred from remnants of intensely 
plicated Schwarzkalk beds. The folded Schwarz- 
kalk has been considerably eroded underneath 
the Unconformity dolomite in profiles e to 
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FsvrE 9.—SCHWARZKALK SERIES WEDGED INTO BASAL GRANITE AT ENTRANCE TO GAMS VALLEY ON 
FarM “Dre VALLE” 


, Granite; 2, shales and quartzite; 3, dolomite; 4, thinly bedded black limestone; 5, massive black 
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deed drag folding along the zone of movement. 
Te planes of detachment are generally along 
tds of thin flagstone which form the inter- 
gic boundaries. The principal displacement, 
hwever, took place along the shales at the base 
ithe rocks representing the lowest cycle. 
Fgure 4 shows particularly striking profiles 
dung the slopes of the Steinfeld Range between 
Solzenfels and Nauzerus. The main slope be- 
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ten the granite highlands and the basin, 
tgether with its sedimentary cover, is still 
reserved in profile f. The Schwarzkalk (4) with 
is overturned folds looks like a petrified cata- 
uct. The Unconformity dolomite (5) trans- 
zesses folded Schwarzkalk rocks onto a base- 
nent wedge. Toward the northwest, higher up 
te slope, the unconformity has been locally 
avolved in the folding, whereas the Kudu 
uppe (heavy black stripes) shows, on the 
sutheast, down-facing folding on a grand scale. 
Wildflyschlike boulder shales of the Pavian series 
) separate the Kudu nappe from the scarcely 
disturbed unconformity. In the upper profiles 
te main slope, which must have been to the 
torthwest of the profiles, has been destroyed by 
fosion. On profiles d and e the main slope can 


i, but it is intact and practically undeformed 
in profile c in the predepositional depression 
underlying the present Tsondab Valley. In 
profiles a and 6 the basement rises again, and 
on the northwest side of profile @ only a thin 
remnant of Schwarzkalk remains underneath 
the checkered Unconformity dolomite as in e 
to i. A younger fault, related to the formation 
of the present African Escarpment has probably 
lifted the southeast half of profile a relative to 
the northwest half. The Schwarzkalk series ap- 
pears to tumble into the basin in cataracts of 
folds; around the foot of the Steinfeld Range the 
fold axes have arranged themselves in an arc, a 
feature which the higher series repeats on a 
grander scale. 

Folding was followed by a slight emergence 
leading to truncation of the folded beds. 


“Double Unconformity” 


The unconformity is probably the most un- 
usual structure in this area, which is rich in 
extraordinary structures (Fig. 6; Pls. 1, 7). 

On farms Tsams and Die Valle the uncon- 
formity is visible from afar. Identifiable by the 
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yellow dolomite band (represented in all pro- 
files by a black and white checkered line) it runs 
in a straight line between blue-black folded 
Schwarzkalk beds and the folded brown shales 
and gray dolomites of the Zebra series or the 
purple shales and yellowish-brown dolomites of 
the Dassie series. This unconformity between 
two independently folded piles of sedimentary 
rocks remains completely unfolded for many 
miles. Between farms Die Valle and Tsams the 
unconformity is a smooth plane, dipping about 
2° southeast, and for a distance of 10 miles 
shows no trace of folding or serious disturbance 
of any kind. In most places where the Uncon- 
formity dolomite rests on black limestone, its 
lowest bands are sparsely jointed. Where it 
overlies shales, it is commonly somewhat 
crushed and brecciated but not folded. The 
upper layers of the Unconformity dolomite, 
however, are sheared and slightly folded. The 
intensity of folding increases progressively up- 
ward, so that the rocks of the Zebra or Dassie 
series, respectively, are strongly overfolded and 
imbricated. The unaffected dolomite between 
an upper and a lower folded series represents a 
“double unconformity”. 

The fold axes above and below the uncon- 
formity diverge over wide areas. Folding of the 
Unconformity dolomite has been observed only 
at the northern edge of the mountains, between 
farms Stolzenfels and Nauzerus. These folds 
represent comparatively unimportant move- 
ments, caused by high-angle thrusting at the 
northern slope of the basin (Fig. 4, profile /). 
Apart from this zone the dolomite appears to 
have remained unaffected by the intense folding 
of the overlying formations. On the other hand 
it transgresses, without disturbance, up to the 
deep wedges of Schwarzkalk rocks between 
farms Narib and Die Valle. 

Thus the folding of all the different higher 
series implies complete shearing off (décollement) 
above the Unconformity dolomite. 


Tectonics of Zebra Series 


Compared with the other units, the Zebra 
series shows an extraordinarily loose, irregular 
style of folding (Fig. 6); axial alignment, too, 
differs from that of the Kudu and Dassie series 
in the whole western part of the area. The Zebra 
series must therefore have been folded inde- 
pendently of the other series. 

The time of folding cannot be determined 
exactly. Contact phenomena at the Dassie 
nappe contact make it appear probable that 
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folding of the Zebra series had ceased before 
the arrival of the nappes. The time lag cannot 
be determined. The Zebra series may have been 
folded immediately following its deposition or 
more or less contemporaneously with the higher 
units. 

The southernmost exposure of the Zebra 
series is at the mountain border between Urikos 
and Onis. There its structure is somewhat dif. 
ferent from that farther north. Instead of loose 
overturned folds, there are low-angle imbricated 
structures (Pl. 6, A, profiles g and 4). This may 
be explained mechanically by friction along the 
plane of detachment: the structure originated as 
friction impeded movement. 


Tectonics of Pavian Series 


Northern facies area.—Between Zais, Nau- 
zerus, and Garis the Pavian series rests on the 
unconformity. It begins with a great thickness 
of brown and green phyllitic boulder shales 
containing variable proportions of granite and 
porphyry pebbles and boulders. The tectonic 
style of these beds is very different from that of 
the Zebra series. 

The rocks show intense cleavage and com- 
monly puckerings, but actual folding is rare in 
the northern area. Superficial observation, 
therefore, may give the impression that the 
series is hardly disturbed. Examination of the 
conglomerate pebbles, however, shows that the 
limestone and dolomite inclusions are intensely 
sheared and elongated, granite blocks have 
been moulded into droplike or lenslike shapes, 
and that all these deformed elements are 
parallel within the schists (Pl. 3, fig. 2), elon- 
gated at right angles to the fold axes. 

As a result of movement, the conglomeratic 
blue limestone has been eliminated over wide 
areas. Where it is flat it is thinned out to such 
an extent that its dolomite pebbles are nothing 
but smeared stripes, and the rock itself has been 
changed into a fine-grained, laminated bluish 
marble, whose original texture is preserved only 
in apices of folds. In the northern part of the 
mountains the white dolomite at the top of the 
series is preserved only in small remnants. On 
the other hand, it is accumulated in accordion 
folds in the frontal zone on farm Blasskranz 
(Fig. 10; Pl. 8, A). These are all indications of 
intensive deformation under load, such 4s 
might be produced by a traineau écraseur. This 


function was probably fulfilled by the thick frak 
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The northern facies of the Pavian series has 
its front in the southern slopes of the great 
valley of farm Blasskranz. The valley itself 
owes its existence to the great thickness of 
easily eroded argillaceous sediments which are 
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it is the result of flowage in the course of which 
the higher units have overridden the lower ones. 
The fluidity of movement is well expressed in 
profile g of Plate 8, A. The upper units of the 
dolomite nappe have moved in downward- 


friction along its base. 


iled up in the frontal zone. The series of profiles 
n Plate 8, A impressively shows the mechanics 
{the accumulation. The northern facies of the 
avian series with its white top dolomite (5)— 
hown in black—forms a bulge of tight ac- 
ordion folds (see also Pl. 3, fig. 3). The Kudu 
appe (7) moving over the purple slates (6) has 
transgressed this bulge in recumbent and down- 
umed folds. In the westernmost profile the top 
olomite of the southern Pavian series (1) 
lorms a bulge of imbricated thrusts over which 
¢ northern Pavian series has been squeezed 
orward and partly torn away by the advance 
f the Kudu nappe. The great profile of the 
utheast face further shows that the series is 
ot uniformly folded. The movement increases 
intensity toward the top. The effect of the 
udu nappe on the underlying beds is clearly 
evealed by the behavior of the white dolomite 
and. It is torn off at the right-hand side of the 
rofile, and the torn-off portion reappears in 
he frontal zone, compressed into accordion 
lds. Figure 10 shows the same phenomena in 
he mountain side west of farm house Tsawisis. 
€ ploughing action of the nappe and the 
reking effect of the substratum are evident. 
is phenomenon, on both large and small 
écale, is repeated throughout the mountain area; 


Figure 10.—Foupinc oF PaviaAn SERIES UNDER Kupu NApPE 
Mountain slope west of farmhouse Tsawisis. 1-4, Pavian series (1, brown arenaceous slates; 2, blue lime- 
stone and breccia limestone; 3, psephitic slates; 4, white dolomite); 5, 6, Kudu series (5, purple slate and 
banded limestone; 6, dolomite). The advancing dolomite plate of the Kudu nappe (6) has torn off the top 
dolomite of the Pavian series (4) and piled it up in accordion folds. The nappe itself is imbricated owing to 


facing rolling folds over the fold pile of the 
Pavian series, into the frontal part of the basin. 

With this cascading fold zone, the Kudu 
series transgresses into the southern-facies area 
of the Pavian series. 

Southern-facies area—The transition from 
northern to southern facies of the Pavian series 
is not exposed. The transition zone has probably 
been overrun and buried by the northern Pavian 
series. 

The southern Pavian series is less intensely 
deformed than its northern counterpart. The 
main reason for this is probably the thick 
competent top dolomite (Fig. 11). The disparity 
between the massive competent dolomite (Fig. 
11, No. 14) which allowed only very wide folds, 
with intensive brecciation, and the well-bedded 
lower horizons (Nos. 9-13) led to extreme dis- 
harmony of folding. In Figure 11 the southern 
end of the Pavian series forms an anticline 
enveloped in the purple slates of the Kudu 
series (profiles a and b). This unit has been 
thrust against and over the imbricated Dassie 
series. Profile b shows that the Dassie has been 
considerably attenuated underneath this thrust. 
Between the isolated hill of laminated Kudu 
limestone (16) and the thin band of Uncon- 
formity dolomite (3) the Dassie is represented 
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oly by a comparatively thin thrust sheet of 
intensely imbricated folds formed mostly by 


% 8% | ne lower dolomite and limestone (6) of the 
E au gries. In these profiles (especially a, g and h) 
© £7 the Pavian series exhibits an extreme degree of 
£524 jsharmonic folding caused by the great dif- 
z 35s ference in competence between the massive top 
£23 || dolomite and the well-stratified lower beds with 
the conspicuous double band of psephitic 
3 quartzite (10). The stippled lines along the 
| datum plane connect the southernmost unit of 
the Pavian series in the different profiles. 

Tectonics of Dassie Series 

= The Dassie series forms the frontal portion 
E&% “dof the higher units. As mentioned, this series 
25 $4lmay represent a southern facies of the Kudu 


series. It surrounds the broad tongue of the 
Kudu nappe in tight folds and thrusts. The 
frontal arc of the nappe resembles a glacier 
tongue advancing into a moraine. Here shorten- 
ing is at a maximum. The best profile may be 
seen on the western side of the mountains on 
farm Die Valle (Fig. 5; Pl. 3, fig. 1). The great 
tightly wedged dolomite folds crown the cliffs 
above the broad valley. The movement of these 
south-facing anticlines over the Unconformity 
dolomite may be likened to surf overriding a 
shallow beach. The glide horizon under the 
dolomite is formed by the basal shales of the 
Dassie series. The laminated limestone has been 
fattened into a mylonitic marble. In view of 
the intensity of the folding and the magnitude 
of the load it is astonishing that the Uncon- 
Hformity dolomite has remained in position. 

In this profile the contrast between top and 
bottom is striking. The imbricated digitations 
appear to have been “frozen” while moving out 
oer the static substratum; the dragging tails 
indicate prolonged transport. 

But the contrast between top and bottom is 
even greater than is apparent at first sight. It 
8 apparent not only in the extent but also in 
the direction of the movement. The wedges of 
Schwarzkalk rocks in the basement strike north- 
northeast, whereas the fold axes of the higher 
Schwarzkalk zones and of the nappe strike west- 
northwest. The axial direction of the nappe is 
thus at right angles to that of its base, revealing 
the astonishing independence of the higher 
units. This indepericience is an expression of the 
great freedom which distinguishes the Naukluft 
ding from that of other folded belts. The 
movement of the higher nappes is entirely 
" of the structure of the lower levels 
(Fig. 12). 
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The Zebra series, which should overlie the 
unconformity, must have been entirely planed 
off by the Dassie nappe. Where the two series 
meet at the southern boundary of farm Die 
Valle, the front of the Dassie nappe has abruptly 
bent and twisted the northeast-striking folds of 
the older series. The lowest slices of the nappe 
have even intruded the Zebra series. This 
phenomenon occurs wherever the front of the 
nappe is preserved. 

The best example may be seen in the gorge 
which cuts into the mountains, east of the farm 
boundary of Biillsport (Fig. 13; Pl. 4, fig. 1). 
The lowest nappe of the Dassie series has 
pushed the Zebra series away from its original 
resting place on the Unconformity dolomite, 
represented by the checkered line. The nappe 
front seems to have acted like the blade of a 
bulldozer, and the Zebra series (unshaded) has 
flowed backward over this front in a backfold 
(plis en retour). This whole complicated struc- 
ture is overridden by a higher unit of the 
Dassie series, which has lost the troughs of its 
tightly packed synclines by attrition on the 
plane of movement. The profile clearly ex- 
presses intense movement, checked by frontal 
resistance. Once again the axial directions of the 
two units diverge considerably. Thus within one 
and the same folding phase the actual direction 
of movement was different at different levels. 

These ‘axial unconformities”, indicating 
that even small units were able to move in- 
dependently of one another, constitute the best 
evidence that folding here is not due to an 
eroded traineau écraseur. The movement pat- 
tern clearly suggests flowage under the in- 
fluence of gravity. 

The Dassie series probably owes its arcuate 
trend to the great advance of the Kudu nappe. 
But both series reached their present position 
in one flowing movement. There was no fault- 
ing, not even on the northern side of the 
Tsondab Valley, on farm Biillsport, where the 
axes of the Dassie series plunge away steeply. 

The mechanics of folding can be studied to 
advantage in the northern side gorges of the 
Tsondab Valley (Pl. 8, B). Differential move- 
ment within each unit is brought out by involu- 
tion and multiplication of digitations along 
curved thrust planes. Similar folded thrust 
planes are conspicuous in the Ruhr coal field. 
Kienow (1955) has investigated these features 
mathematically and has shown that they are 
due to friction at a basal shearing plane and not, 
as previously believed, to a second phase of 
folding. The profiles of Plate 8, B suggest in 
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every detail a checking of movement at the 
base of the nappe and at its front; the northern 
portion kept moving forward until internal 
friction choked differential movement. Various 
phases of the dying movement are, as it were, 
photographed in the multiplied anticlinal crests. 
The two curved dotted lines on the datum 
plane, connecting two particular anticlines in 
the different profiles, show how abruptly even 
individual fold elements may change their 
trend. 

The axes of the folds shown in Plate 8, B 
rise toward the east. This brings up a broad 
belt of the lower purplish slates in the raised 
valley of Gabis; it becomes evident that, as on 
farm Die Valle (Pl. 7), the imbricate nappe here 
floats on this zone of slates and laminated lime- 
stones. This zone in turn rests directly on the 
Unconformity dolomite. 

Within the Dassie nappe, too, the larger 
slices are separated from one another by bands 
of purple slates and laminated limestones. 
Subsidiary nappes, such as the one represented 
on Figure 13, also have corresponding glide 
horizons at their base. The laminated limestone 
is commonly well plicated. Further movement 
has intensely compressed the plications into 
flame-shaped figures. The final stage of this 
rolling out is commonly represented by fine- 
grained striped mylonitic marbles in which the 
original sedimentary structures have been ob- 
literated. 


Tectonics of Kudu Series 


As in the Dassie series, the main movement 
horizon is formed by purple slates and laminated 
limestone. In the frontal area, where the hori- 
zontal component of the movement spent itself, 
these beds are folded more or less conformably 
together with the higher dolomites, forming 
several great synclines, overturned to the south 
(18 on Fig. 11). Further to the north the 
dolomites grade into an imbricate, independ- 
ently folded nappe, floating on more plastic 
rocks (Fig 10; Pl. 8, A). Plate 1 shows im- 
pressively that the thick dolomite nappe ad- 
vanced from the north into the Naukluft Basin 
like a huge glacier tongue. Its effect on the 
overridden Pavian series has already been 
discussed. Its own movement is best expressed 
in the series of profiles of Plate 8, A. The down- 
ward-facing digitations (e.g. Pl. 8, A, profile g) 
with which the nappe (vertical ruling) over- 
comes the bulge in the Pavian series leave no 
doubt as to the independence of its movement. 
The profiles also show that the nappe itself is 


not a uniform mass. It consists of several dis. 
placed units, each higher unit overriding the 
one beneath it. 

The northern area has had to carry the main 
weight of the thrust. There shales and laminated 
limestone have been preserved only rarely, 
They have been ploughed forward and piled up 
in the frontal zone, like the upper beds of the 
Pavian series. Movement of higher units has 
also strongly affected the lowest dolomite beds 
of the nappe. Even where they are practically 
horizontal they are commonly intensely sheared 
and drawn out into large-scale boudinage struc. 
tures (Fig. 14). On farm Nauzerus all the lower 
beds have been removed from a raised basement! 
wedge, so that imbricate Kudu dolomite js 
superimposed directly on the Tsumis series 
(Fig. 4, middle of profile 7). Here the nappe 
consists of narrow slices. These are probably 
derived from folds which faced down and to: 
ward the south and lost their apices through 
friction along the movement plane (Fig. 18, 4 
and B). 


Tectonics of Klipbok Series 


The sedimentation of the Klipbok seri 
shows an intimate relationship to the deforma 
tion of the Kudu nappe. Actual proof seems 
exist that folding was initiated together with 
new cycle of sedimentation. Some of the anti 
clinal crests formed by the Kudu dolomite a 
surrounded by and dissolved into huge bould 
conglomerates and breccias which consist e 
tirely of dolomite blocks in a sparse matrix 
brown shales with which the new cycle begin 
(Fig. 15). The boulders are angular or subj 
angular and are all derived from the dolomite 
forming the anticlines. As these boulder cor 
glomerates are confined to the neighborhood ¢ 
the anticlines, and since no major unconformit] 
exists between the dolomite and the overlyi 
shales, the anticlines must have formed durin 
deposition of the shales. As the folding pr 
gressed, the shales in their turn were involv 
The subsidence of the basin which led to 
deposition of the shales must have initiated 
folding. 

The best exposures of such an anticli 
boulder pack are found in a ravine 1.8 mild 
southwest of the homestead of farm Noal 
about a hundred yards from the road. 

Deformation of the rocks of the Klipbo! 
series, as shown by the elongation of pebbles 
differs radically from the deformation foun’ 
below the Kudu nappe (Fig. 15). The signi 
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FicurE 14.—Dotomite BANnps oF Kupu SERIES SHOWING BOUDINAGE STRUCTURE 


FicvrE 15.—D1aGraM SHOWING TECTONIC RELATIONSHIP OF PAvIAN, Kupu, AND SERIES 


1, Pavian series, pebbles and boulders elongated in a; 2, Kudu series; 3-5, Klipbok series (3, conglom- 
cratic blue limestone of Klipbok series, pebbles elongated in 6; 4, shales and slates; 5, digitations of dolo- 
mite disintegrating into breccias). 


cance of this phenomenon will be discussed faulting in this zone can be observed on farm 


hereafter. Hauchabfontein. Above this fault zone the 
quartzite horizon of the Schwarzrand series has 
truciure of Southeastern Mountain Border been torn away by the advancing Schwarzkalk 


_ The rectilinear trend of this mountain border __ series and overturned toward the south. It is 
isprobably due to a fault in the basement;some _locally overridden along a flat thrust plane 
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which is preserved in several localities (Pl. 6, 
A). There can be no doubt that the nappes once 
stretched even farther into the foreland, per- 
haps as far as the anticlinal zone of Achaub. 
Since they were underlain by the soft Schwarz- 
rand shales the nappes eroded easily as far as 
the overturned quartzite. The scarp is thus 
primarily an erosion feature. 

The basement fault which separates the 
Naukluft Basin from the main Nama Basin 
disappears northeast of Rokskeur. There have 
been no younger movements along this zone. 
The fault is of local significance only and does 
not extend across the continent, as Krenkel 
(1928) had thought. 


Movement Pattern 


The Naukluft Mountains owe their relief to 
erosion only. If erosion effects are disregarded 
the Naukluft area becomes a basin filled with 
intensely folded sediments (PI. 6, B, profile 0). 
There are no indications that the folded seg- 
ment has ever been raised above its surround- 
ings. On the other hand, there is much to sug- 
gest a connection between the folding and 
basin formation. 

Within the Nama sea, the Naukluft Basin 
distinguished itself by the instability of its floor: 
early sedimentation already was related to a 
mild folding phase. The succeeding folding 
phase affected the Schwarzkalk and part of the 
Schwarzrand series. The distribution of folding 
in this phase shows its dependence on basin 
structure. In the Tsondab trough, a local de- 
pression, the Schwarzkalk series remained al- 
most undeformed, whereas everywhere else it 
was intensely folded. It seems significant that 
deformation reaches its highest intensity on 
the slopes of the Steinfeld Range, where the 
basin floor is most steeply inclined. There the 
Schwarzkalk rocks behaved like a cloth, sliding 
down an inclined table top and piling into folds; 
thus folding is most intense where the inclina- 
tion is greatest and least intense in the Tsondab 
trough where the inclination is smallest. 

The few rootlike wedges of Schwarzkalk rocks 
in the basement are far too small to explain the 
intensity of folding or the overturning of folds 
(directed in all cases toward the deeper part of 
the basin) primarily by tangential shortening 
in the basement. 

Two explanations suggest themselves: shear- 
ing off and folding by a traineau écraseur; or 
shearing off and folding by gravity gliding. The 
first alternative can be discarded for Schwarz- 
kalk folding because it is the thin Unconformity 
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dolomite that immediately overlies the de. 
formed Schwarzkalk beds which were thy 
plainly truncated by erosion. 

The best explanation seems to be that the 
Schwarzkalk series was folded in the process of 
gliding down into the basin. The shearing of 
was probably caused by movements of the floor 
connected with the pronounced subsidence that 
accompanied deposition of the Schwarzrand 
shales; at the same time these movements 
constricted the space on the flanks of the basin, 
loosening the sediments. Gliding became pos- 
sible along argillaceous horizons. 

The same sequence of events appears to have 
repeated itself a second and a third time. Re- 
newed subsidence following deposition of the 
Unconformity dolomite led to filling of the basin 
with the sediments of the Zebra and Pavian 
series, the former representing the facies of the 
northwestern part. After the basin had been 
filled (with reef dolomites), renewed subsidence 
led to deposition of the purple shales of the 
Dassie (and Kudu?) series. 

Lowering of the trough may have caused the 
sliding off and folding of the Zebra series; this 
assumption would explain the discordant axial 
trends of the Zebra series as opposed to those 
of the younger Dassie, Kudu, and Klipbok 
series. It would also explain the axial freedom 
and looseness of deformation in the Zebra series 
for this type of folding can hardly have taker 
place under the great load of the Dassie o 
Kudu series. The shales above the Uncon- 
formity dolomite acted as a glide horizon. Only 
gravity gliding can satisfactorily explain the 
intense folding above the undisturbed thin 
dolomite. 

This deformation phase was restricted to the 
northwest slope of the trough and did not affect 
the facies area of the Pavian series. 

The cycle (trough filling, renewed subsidenct} 
and folding) was repeated a third time for the 
Dassie, Kudu, and Klipbok series. The rocks 
of the Klipbok series provide evidence that 
folding started with renewed subsidence. 

The broad tongue of the Kudu nappe rest 
directly in front of the highest part of the 
Nauchas Highlands. Within this tongue the 
fold axes form an arc, convex toward the south 
The nappe reaches its most southerly point 
the apex of the fold arc. This fold arc rests 
freely on the independently folded lower units 
and is separate’ from them by a practically 
undisturbed unconformity. The nappe arc cat 
have attained this position only by movement 
under the influence of gravity, in the manner 
a glacier tongue. In that case there should be 
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lationship between the locus of farthest ad- 
yance and the shape of the basin. That rela- 
tionship exists. The apex of the fold arc lies 
above the deepest part of the basin (Fig. 12). 
Furthermore, the shape of the northern rim of 
the basin also appears to have influenced the 
movement. The base of the Nama has its 
steepest dip on the southern slopes of the 
Seinfeld range (Fig. 4). This steeply inclined 
dope points exactly to the apex of the fold arc. 
The elongated pebbles of the Pavian series and 
the lineations of many rocks conform to the 
same direction. 

The connection between the movement of the 
nappe and the shape of the basin could not be 
closer. From the northern slope the nappe slid 
into the deepest part of the basin and advanced 
farthest toward the south below the steepest 
part of the rim. The steepest slope produced the 
greatest momentum: the influence of gravity 
seems evident. 

Before they moved down, the strata com- 
posing the nappe were probably overlying the 
Nauchas Highlands. The base of the Nama is 
not preserved north of the Steinfeld range. Yet 
it must have existed above the highest granite 
peaks, which attain heights of 7200 feet. Hence 
the drop into the basin was at least 2600 to 3300 
feet. The conditions for gravity gliding existed. 

This explanation is based on the assumption 
that relative heights have not changed since the 
folding of the Nama; no post-deformation faults 
exist between the Naukluft Basin and the 
Nauchas Highlands. Younger faults occur only 
west of the escarpment. They are of post- 
Karroo age and are connected with the forma- 
tion of the escarpment. 

The threefold repetition of events indicates a 
fixed relationship between subsidence, sedi- 
mentation, and folding. After each stage of 


| subsidence argillaceous sediments were de- 


posited. These were followed by quartzites and 
limestones. The cycle was closed by deposition 
of dolomites, commonly reef dolomites, a 
typical shallow-water facies. This kind of suc- 
cession is not very stable mechanically. It rests 
on the plastic shales literally as on clay. If such 
asuccession is tilted through renewed subsid- 
ence of the trough and simultaneously shaken 
by small deep-seated movements and earth- 
quakes, then it can easily be set into motion. 
As sedimentation seems to mirror the move- 
ments of the basin, the question arises whether 
sostasy might have contributed to the repeated 


| Subsidences. The sediments of the Naukluft 
trough differ from geosynclinal sediments 
chiefly by their limited thickness. The ac- 
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cumulation preceding an increased rate of 
subsidence does not favor the assumption of 
isostatic control; if compression of the basement 
in the northern part of the basin (Fig. 4) is taken 
into consideration, then a connection with an 
orogenic phase seems indicated. Present knowl- 
edge suggests that the movements might have 
been connected with the latest phase of Prot- 
erozoic folding of the Damara belt, whose 
southern front approaches the northern rim of 
the Naukluft trough at Abbabis to within 10 
miles. The Naukluft Basin might therefore 
have been a foredeep, formed during the folding 
of the Damara system, and movement of the 
Nama rocks might have been triggered by 
thrusting and folding in the hinterland. More 
radioactive age determinations are needed to 
confirm or disprove this possibility. 

Whether connected with a major orogeny or 
not, the combination of comparatively thin 
strata with folding of Alpine intensity is 
probably unique. It is easily explained by the 
gravity gliding hypothesis, which takes into 
account such special features as the “double 
unconformity”, axial unconformities, and 
downward-facing folds; it seems impossible to 
satisfactorily explain this combination of 
features in any other way. 


Internal Structures and Rock Deformation 


The structural features related to deforma- 
tion in the Naukluft range do not differ in 
principle from those in other folded belts. 
Argillaceous rocks commonly show intense 
cleavage. Cleavage planes are more or less 
parallel to the axial planes of the folds. Plate 
5, figure 1 shows deformation along cleavage 
planes in a light limestone band between shales. 
The rock was stretched by movement paral- 
lel to the axial plane and compressed perpen- 
dicularly to it. 

Pebbles of the Pavian series are elonged at 
right angles to the fold axes, and they conform 
to the cleavage planes. Figure 16 shows a dolo- 
mite block in the apex of a small fold. In this 
case anisotropic stress distribution has led to 
club-shaped deformation and to piercing of sev- 
eral strata. Dolomite pebbles are deformed in 
all cases along symmetrically disposed con- 
jugate shear fractures and by tension fractures. 
Calcareous pebbles have undergone plastic de- 
formation and recrystallization. 

The orientation of elongated pebbles is dif- 
ferent for the Pavian and for the Klipbok series. 
In the Pavian series, pebble elongation is in all 
cases at right angles to the fold axes. This 
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FicurE 16.—DEFORMED DOLOMITE BLOocK IN SMALL ANTICLINAL FLEXURE 
1, Soft shale; 2, arenaceous shale; 3, quartzite; 4, laminated shale. Anistropic stress distribution cause 
by a dolomite block in the apex of a fold just below the quartzite band has led to club-shaped deformatior 
of this block and piercing of several strata. 


FicurE 17.—SHALE BAND FRACTURED IN PLASTICALLY DEFORMED LIMESTONE 


Shale has accommodated itself to plastic deformation of limestone by boudinage and with associate! 
symmetrical calcite-filled fractures. 1, Shale; 2, laminated limestone; 3, calcite. 
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elongation corresponds to the a direction of 
Sander’s terminology (Sander, 1948, p. 68). 

In the Klipbok series, by contrast, pebbles 
are elongated parallel to the fold axes. The 
elongation thus corresponds to the 0 direction. 
In both cases a more or less pronounced linea- 
tion parallel to the axes of -greatest elongation 
can be observed (Fig. 15). 

There is thus a surprising difference of defor- 
mation style which must be fitted into the gen- 
eral movement pattern. 

The Pavian series forms the floor over which 
the great Kudu nappe has moved. Under the 
great load of this traineau écraseur, the Pavian 
series has been rolled: out and folded. It seems 
understandable that the fluid nature of this 
movement should produce stretching in the di- 
rection of flow. 

The Klipbok series was folded under quite 
different conditions. It was riding on the back 
of the rather competent Kudu dolomite and was 
comparatively unconfined laterally. This move- 
ment produced its own characteristic internal 
deformation (elongation in 0). 

Pure limestones throughout show fully plas- 
tic, continuous deformation, more so than the 
dolomites and even the shales. Thin shale in- 
tercalactions are fractured along symmetrical 
conjugate calcite-filled fissures (Pl. 5, fig. 2). 
Thicker bands are stretched into boudinage 
structures and torn. It seems that shales become 
more competent if their water content is re- 
duced by compression. Figure 17 and Plate 5, 
figure 3 show the extent of deformation, even in 
apparently little affected limestones. The peb- 
bles embedded in the blue limestone of the 
Pavian series are elongated and oriented at 
right angles to the fold axes. The plastically de- 
formed limestones are finely recrystallized. It is 
only in the thicker Schwarzkalk beds that de- 
formation is more brittle. These rocks are con- 
siderably sheared and fractured, and the frac- 
tures are calcite-filled. 

Thin quartzite bands alternating with shales 
are folded without being fractured. They are in- 
tensely puckered in many places. Thicker beds 
are, however, commonly sheared and covered 
with slickensides or brecciated along lines of 
flexure. 

The dolomites are almost everywhere in- 
tensely sheared and brecciated. Even folds ap- 
pearing perfectly continuous from a distance 
prove to be a mosaic of fragments when viewed 
more closely. Only a few thin dolomite bands 
are folded without being fractured. 
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Conjugate fracture systems in the Naukluf 
area generally show a high degree of symmetry 
which is attained only exceptionally in other 
folded areas. This symmetry is probably due to 
the great freedom of this unconstricted deforma. 
tion. 

Such phenomena fit well into the hypothesis 
of gliding under the influence of gravity with 
little confinement. The brittle deformation styk 
of the shales, quartzites, and dolomites migh: 
suggest comparatively rapid folding, but lack o! 
confinement would tend to produce simila 
structures, regardless of speed of deformation 
The intimate connection between sedimentatior 
and folding shown by the Klipbok series sug 
gests slow movement. 


SUMMARY 


The Naukluft Mountains are unique in many 
respects. A comparatively thin sedimentary suc 
cession has been intensely deformed in severd 
phases. Folding phases and cycles of sediments. 
tion are closely related, and both appear linke: 
to discontinuous subsidence of the sedimentatic: 
trough. 

Movement was most intense in the highe 
units. These transgressed the lower units ¢ 
nappes. The intensity of tangential movemer: 
decreased downward, and the basement show 
only a few, commonly steep, crush zones. Tk 
various tectonic units are structurally ind: 
pendent and selfcontained. An undisturbe! 
unconformity exists between two of thes 
The uppermost nappes form a fold arc whee 
axial directions diverge to a greater or less 
extent from those of the lower units (“axial u: 
conformity’’). This flowage arc rests in front ¢ 
the steepest slopes of the basin. 

All the evidence seems to show that the se¢ 
imentary rocks have moved down one side 
the basin, becoming folded in the process. The 
the Naukluft Mountains are an ideal examp! 
of deformation under the influence of gravity. 

The unique style of folding is due to an uy 
usual coincidence of several circumstances; cot 
clusions arrived at here cannot, therefore, 
applied directly to other folded areas. 

However, the geology of the Naukluft ar 
does indicate a great deal about the nature‘ 
rock deformation and sedimentation. More at 
tailed studies in this exceptionally instruct 
and well-exposed area would add substantial} 
to our fundamental knowledge of deform 
processes and sedimentation. 
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A. PROFILES OF SOUTHERN AND SOUTHWESTER 


1, Dolomite of southern facies of Pavian series; 2—5, Pavian series, north- boulde 
ern facies (2, brown arenaceous slates; 3, blue conglomeratic limestone; 4, laminal 
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The Dassie nappe (its base on the Unconformity dolomite is shown only in Dashed lines on the datum plane connect in 
the upper profiles) consists of imbricated digitations. Curving thrust planes the arcuate pattern of the whole structurag 
and formation of digitations result from differential retardation by friction. basal bluish-purple slates (4) and lowest dold 
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THRUST FAULTING IN SINKING VALLEY, BLAIR AND 
HUNTINGDON COUNTIES, 


PENNSYLVANIA 


By N. N. Moess aAnp R. B. Hoy 


ABSTRACT 


Sinking Valley, Pennsylvania, is floored by Cambro-Ordovician limestone and dolo- 
mite which are folded into an asymmetrical anticline overturned to the northwest. 
Information obtained from diamond-drill cores indicates an extensive thrust fault, 
accompanied by subsidiary branching offsets, which has displaced the steeply dipping 
northwestern limb of the anticline about 2 miles. 
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INTRODUCTION 


Sinking Valley, located in Blair and Hunting- 
don counties, Pennsylvania, 2 miles southeast 
of Tyrone (Fig. 1), is the southwest end of 
Nittany Valley. Cambro-Ordovician limestones 
and dolomites are exposed in an asymmetrical 
anticline, over-turned to the northwest and 
plunging southwest (Figs. 2, 3). The valley is 
open to the northeast but enclosed to the south- 
West by a V-shaped range of mountains formed 
y Tuscarora sandstone extending around the 
lunging anticline. 

Close to the Little Juniata River near 
‘imingham two exposures of Upper Ordovi- 
ian and Silurian rocks have long challenged 
he i Imagination of geologists. The presence 
t these shale and sandstone formations, 
surrounded by older dolomites and limestones, 
requires considerable displacement by fault- 
ing or bya combination of faulting and fold 
ing. Earlier workers have explained the 
out-of-place formations either as a_ slice 


which has been thrust northwest from the 
overturned limb of a second anticline to the 
southeast or a graben exposed through a 
thrust sheet. 

Diamond-drill cores from Sinking Valley 
disclose a first-order fault hitherto revealed 
only at the exposures near Birmingham. In 
the area of drilling, within 2 miles west and 
southwest of Birmingham, this fault separates 
Cambrian, Lower and Middle Ordovician 
limestone and dolomite from the underlying 
Upper Ordovician and Silurian shales and 
sandstones. The fault is of an unusual type: in 
a broad sense it is concentric with the surface 
of the earth. It involves movement on a domed 
surface that has no outcrop expression except 
by a happenstance of folding and erosion where 
the fault and the younger rocks are exposed 
in the fensters at Birmingham. 

The information obtained from drill cores 
suggests an explanation for the structural 
relationships that appears to be more plausible 
than earlier hypotheses. A 2-mile movement 
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on the fault would explain the offset between 
the rocks of the Birmingham fensters and their 
counterparts to the northwest in the upper 
block consisting of Brush Mountain. 
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two fensters, the first at Birmingham and the 
second about 1 mile northeast of Birmingham, 
Further work was done by Stose (in Butts 
et al., 1939, p. 78), Zeller (1949, M.S. thesis, 


) 
VALLEY 
\ 
at 
40° 35 = 
cULe 


PREVIOUS WORK 


Rogers (1858, p. 503-504) was the first to 
note the presence of faulting at Birmingham. 
Platt (1881, p. 83-92) and Lesley (1885, p. 
359-384) in published reports on Blair and 
Huntingdon counties, respectively, make no 
mention of a major fault at Birmingham. Butts 
(1918, p. 523-537) mapped the anomalous 
condition of younger rocks surrounded by older 
as emplaced by faulting. 

The complex structures at Birmingham and 
vicinity have again more recently been studied 
by Butts et al. (1939, p. 75-78), who mapped 


FicurE 1.—INDEx Map SHowrnG LocaTION OF SINKING VALLEY, PENNSYLVANIA 


Pa. State Univ., p. 16-45), and Fox (1950 
p. 162), who gave the name Knarr window ti 
the second fenster northeast of Birmingham. 
Figure 4 illustrates the structural hypothese 
proposed by these men. Butts et al. (Sec. A 
suggest that the Gatesburg formation in the 
upper block has been thrust from the southeas 
over the limestone of the Black River-Chaz 
groups with the Black River-Chazy to Tus 
carora sequences northwest of the fault 


“... having been strangely preserved and faulte 
downward on the northwest side. This interpret 
tion involves the complete crushing out of tht 
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gutheast limb of an overturned anticline between 
Tyrone and Birmingham and the survival of a 
iagment of the overturned northwest limb of a 
cond anticline lying southeast of Birmingham.” 
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formations as a downfaulted segment of the 
Sinking Valley anticline, all these hypotheses 
require that younger rocks be thrust from the 
overturned northwest limb of a second anticline 
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Stose (Sec. B) proposes a series of three south- 
tastward-dipping and overlapping faults which 
converge at depth, exposing the younger rocks 
aa slice or horse contained between two of 
the thrust faults. Zeller (Sec. C) postulates 
three intersecting faults which thrust younger 
rocks to the northwest from the overturned 
northwest limb of the next anticline. Fox 
(Sec. D) interprets the exposure as representing 
lolded formations in a graben which has been 
overridden by a thrust sheet. Except for the 
Fox interpretation, which explains the younger 


4-5 miles southeast. As Butts et al. recognized 
(1939, p. 78), this idea is out of harmony with 
the fact that the Birmingham fault dies out 
within 2 miles to the southwest. 
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data. A. H. Willman and D. L. Adair logged 
much of the core and contributed to the 
structural interpretation. Zeller’s detailed map 
of the Birmingham area (1949, M.S. thesis, 


formation is the Upper Cambrian Warrior 
limestone, exposed along the axis of the Sinking 
Valley anticline, extending northwestward 
from a point about a mile northeast of Birming. 
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Pa. State Univ., p. 17) was used as a basis for 
projecting subsurface structures to that locality. 


GEOLOGY OF THE SINKING VALLEY AREA 


The stratigraphy and the general structural 
relationships of the Sinking Valley area are 
described by Butts ef al. (1939, p. 1-78). The 
formations are included in the Cambrian, 
Ordovician, and Silurian systems. The oldest 


ham. The youngest formation is the Siluria! 
Tuscarora sandstone which forms the summit 
of the mountains that surround the valle 
(Fig. 2). The older units, up through th 
Ordovician Trenton group, consist mainly 4 
dolomites with subordinate formations a0 
members of limestone. The younger units, thy 
Ordovician Reedsville shale, Oswego sandston4 
and the Juniata formation, consist of shale at 
sandstone. The thickness and general 44 
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THICKNESS 
SYSTEM FORMATION IN GENERAL CHARACTER 
(GROUP) FEET 
SILURIAN TUSCARORA QUARTZITE 00 sandstone and quartzite 
JUNIATA FORMATION 1250 red shale, red, green,and gray sandstone 
OSWEGO SANDSTONE 800 thick-bedded gray sandstone, occasional red 
shale or sandstone 
REEDSVILLE SHALE 1250 calcareous olive-green shale and basal black 
shale 
ORDOVICIAN (TRENTON GROUP) 00 thin-bedded dark limestone 
380 thick-bedded, dove-gray limestone 
BELLEFONTE DOLOMITE 1500 thick-bedded gray dolomite, occasional chert 
NITTANY DOLOMITE 1250 thick-bedded gray dolomite, occasional sandy beds 
thin-bedded, argillaceous, lime and dolomite 
STONEHENGE FORMATION 200 limestone 
| MINE DOLOMITE 209 thick-bedded dolomite, abundant chert and odlites 
GATESBURG FORMATION 1750 thick-bedded dolomite, sandstone and sandy 
dolomite 
CAMBRIAN 
WARRIOR LIMESTONE 1200 thick- and thin-bedded gray limestone with 
siliceous shale partings 


FiGuRE 5.—GENERALIZED STRATIGRAPHY OF SINKING VALLEY, PENNSYLVANIA 


scriptions of the formations are given in the 
columnar section (Fig. 5). Although the Trenton 
group limestones are shown on the columnar 
section they are similar in lithologic character 
to the Black River-Chazy limestones and for 
mapping purposes are included in the Black 
River-Chazy sequence. 


STRUCTURES 


Butts et al. (1939, p. 75-78) point out that 
the area is located on the summit and flanks 
of the Nittany arch, which is an anticlinorium 


extending for more than 80 miles northwest 
ward. In cross section the arched form i 
modified by faults and minor undulation 
superposed on the major structures. Th 
Sinking Valley anticline represents the south 
west extremity of the apex of the arch (Fig. 2) 
It is asymmetrical, overturned to the north: 
west. It is complicated by faulting along It 
axis where the Birmingham fault thrusts olde 
formations to the northwest (Fig. 2). Th 
exposures of younger rocks at Birmingham and 
at the Knarr fenster a little more than a mik 
northeast of Birmingham (Figs. 2, 3) indicate 
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tat additional faulting of considerable magni- 
tude took place, but as Butts et al. (1939, p. 78) 
gated, “... no satisfactory explanation of the 
atire situation has yet been reached.” 


Nittany dolomite or Stonehenge limestone 
above. The rocks cored under the fault have 
been tentatively identified as Reedsville shale 
and Juniata formation on the basis of color 
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ANALYSIS OF DRILLING INFORMATION 


Aseries of exploration holes drilled west and 
southwest of Birmingham in 1956 provided 
information revealing the existence of a gently 
arched fault under the area (Figs. 6, 7), which 
the authors named the Sinking Valley fault. 
Fight holes reached sufficient depth to pene- 
trate the fault, which is evidenced by abundant 
facturing and recementation, grooving, polish- 
ig, and abrupt change in stratigraphy. Each 
hole cored black shale or red and green sand- 
stone and shale under the fault in contact with 


and composition. These rocks correspond to 
the two formations observed in the Birmingham 
exposures, which have been identified by 
Butts, Zeller, and others as Reedsville and 
Juniata. 

Recognition of the Sinking Valley fault 
permits a relatively simple explanation for 
the presence of the younger rocks in the 
Birmingham area. The two exposures are 
fensters through an upwarped thrust fault 
which has an axis nearly coincident with that 
of the Sinking Valley anticline. A net dis- 
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+300 
FicurE 7.—D1AMOND-DRILL-HOLE SECTIONS SHOWING STRUCTURE AT SINKING VALLEY, PENNSYLVANIA 


For explanation of geologic symbols see Figure 3. 
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gacement of 2 miles on the Sinking Valley 
jyjt would account for the position of the 
Tuscarora in the fenster relative to the 
Tuscarora of the upper block northwest at 
Bush Mountain (Fig. 4, sec. E). The other 
thusts are lesser southeast-dipping branches 
othe main break. The Birmingham fault has 
atively little displacement and can logically 
de out to the southwest as mapped by Butts 
dal. (1939, p. 78). The slice under the Birming- 
ham fault, consisting largely of brecciated 
limestone, is probably the Black River-Chazy 
squence, or possibly Stonehenge, in a horse 
dragged along between the Birmingham and 
the lower branch fault, which was recognized 
by Zeller (1949, M.S. thesis, Pa. State Univ., 
p.19) and is here named the Honest Hollow 
jult. This slice has been thrust between the 
(atesburg above and the Mines, Stonehenge, 
ad Nittany below. The relatively large volume 
of limestone in the slice compared to the 
narow trace of the Black River-Chazy sequence 
aginst the fault requires either that another 
thicker limestone unit is involved (for example, 
the Stonehenge) or that the Black River- 
Chazy sequence was intercepted where the dip 
ismore gentle than indicated on the sections. 
litle is known regarding the structure of the 
uer block. The strike component of the 
thust offset may be so large that a gently 
dipping part of the structure is present under 
the Sinking Valley fault. Section A-A’ (Fig. 7) 
illustrates the Sinking Valley fault below and 
the Honest Hollow fault branching therefrom 
tothe surface, overlain by the Black River- 
Chazy sequence, and, near A’, the Birmingham 
alt overlain by Gatesburg. Section B-B’ 
(Fg. 7) is similar, except that it illustrates the 
manner in which the Black River-Chazy block 
piches out where the Honest Hollow and 
Bimingham faults rejoin near the surface. 

Comparison of sections shows that the trace 


oi the Sinking Valley fault becomes pro- 
gesively deeper to the southwest, which 
indicates that the “arch” of the fault, like the 
4s of the anticline, plunges southwest. The 
also dips northwestward from the 
tasters without causing any recognized strati- 
phic breaks; it must continue subsurface 
mer the Bald Eagle Valley and, unless it 
pens or dies out along bedding, under the 
legheny Plateau. 

This type of fault, having no apparent surface 
pression except of accident of erosion at the 
{isters, is unusual but not unique, because 
idgers described (1950, p. 680) and illustrated 
). 678, Fig. 3) an almost identical fault in 
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the Sequatchie anticline area of Tennessee. 
He states: 


“If they are windows, they have been eroded 
through a thrust fault that disappears northwest- 
ward, its displacement having been taken up in the 
arching along the Sequatchie anticline and the folds 
farther northwest.” 


Hayes (1891, p. 141-152) was the first to 
describe low-angle thrust faults in the southern 
Appalachians of great lateral displacement 
with the fault surfaces commonly warped. 
Rodgers (1949, p. 1649) noted that faults such 
as Hayes described have been found in many 
parts of the southern and northern Appalach- 
ians, whereas in the folded middle Appalachi- 
ans, where the structure is simpler, large low- 
angle faults have nowhere been recognized. 
Rodgers was notably perceptive when he stated, 


“.,. the faulted area on the Nittany anticline at 
Birmingham, Pennsylvania,...strongly suggests 
low-angle faulting to a geologist who has worked 
among the low-angle thrust faults of east Tennes- 
see.” 


Stearns (1955, p. 620-625) describes a 
number of low-angle thrust faults in the 
Cumberland Plateau of Tennessee. These differ 
from the Sinking Valley fault in that they 
commonly show a low angle of faulting relative 
to bedding, and the beds above the fault planes 
are characteristically crushed, whereas at the 
Birmingham fenster the rocks below, as_ well 
as above, the Sinking Valley fault are intensely 
crushed and thinned, and the angle of faulting 
relative to the bedding is large. 

No new information has been revealed 
regarding the Shoenberger fault (Fig. 6, Fig. 7, 
sec. E-E’), as drill-hole 14 did not reach suf- 
ficient depth to penetrate its projected trace. 


SUMMARY 


Geological analysis of subsurface information 
revealed by diamond drilling in Sinking Valley 
provides a more simple explanation than those 
previously proposed for a complex fault pattern. 
Exposures of younger shales and sandstones 
near Birmingham are revealed in fensters 
through a thrust fault containing older dolo- 
mites and limestones in the upper block. The 
thrust is arched along an axis closely coinciding 
with the axis of the Sinking Valley anticline and, 
like the anticline, plunges southwest. The main 
fault, named the Sinking Valley fault, has a 
net displacement of 2 miles. The fault dips 
gently northwest from Birmingham under 
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Brush Mountain and, presumably, continues 
at depth until it dies out. Although the major 
thrust is unusual in being without apparent 
surface expression except at the fensters a 
similar fault has been described by Rodgers in 
Tennessee. 

Two faults, named the Honest Hollow and 
the Birmingham, are located in the immediate 
vicinity of Birmingham. These dip southeast 
and are branches from the main thrust. They 
join each other in both directions along strike, 
enclosing an irregular lens-shaped horse con- 
sisting largely of broken and brecciated Black 
River-Chazy limestones. 
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471 ABSTRACT 
f te The Polish Carpathian Mountains are occupied for the greater part by rocks of the 
ight bs flysch type, in which graded bedding with the usual accompanying sole markings and 
ypalact: other features of turbidites are ubiquitous. For several years Polish geologists have suc- 
's Bull cessfully applied the concept of turbidity flow to explain features formerly thought to 
be conflicting. This paper deals with paleogeographic problems and summarizes results 
ding « so far attained by numerous measurements of current direction. A few separated troughs 
NNESS¢: persisted throughout the Cretaceous and Paleogene sedimentary history. Each of these 
| Geole ebiong basins had its separate history in which location and direction of supply varied 
swheesi greatly with time. Most units show a consistent system of transport. Dominantly lateral 
: supply is obvious in some cases. In others the measurements indicate a distant supply 
hrustin: and from thence longitudinal transport in the flysch trough with or without local coarse 
nnesset supply from the sides. However, evidence, mainly paleogeographic, strongly suggests 
628 that local cordilleras between or flanking these troughs acted as the main source. Con- 
tinued field work may throw light on this controversial topic which occurs in many other 
CENT geosynclines that contain turbidite formations. 
‘ANFOW A number of sedimentological problems are examined on the basis of evidence mainly 
. from Poland: upper margins of graded beds, suspended currents, convolute lamination 
ay doubtful turbidites, glauconite in turbidites. A few new sole markings are named and 
described. 
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In this paper units containing fragmental 
calcarenites instead of sandstones are also in- 
cluded. Nearly all flysch units show some 
graded bedding, and in many cases this struc- 
ture is common or even predominant. 

In Poland the Carpathian Mountains are 
built up almost entirely of flysch rocks over 
their whole length of 300 km. Ksiazkiewicz 
spent 30 years on the study of stratigraphic and 
structural problems of this area. Over a period 
of 50 years the application of the concept of 
nappes has brought a revolution in the under- 
standing of the structural features. Three 
main nappes and several smaller units can be 
distinguished; each has its own complications 
(Figs. 1, 2). 

In spite of scarcity of fossils diligent search 
has brought to light ample evidence on which 
to found a general stratigraphy, and for many 
units a more refined subdivision can be given 
(Tables 1-3). 

Understanding of the paleogeography and 
sedimentation has lagged far behind. The 
sources from whence the sedimentary material 
was derived remained in doubt, although large 
neighboring areas can be excluded because they 
were submerged most of the time. Pebble com- 
position proved to be of little help, because 
many of the rock types encountered are not 
known from the vicinity in situ. A few con- 
glomeratic formations show gradual changes in 
thickness over wide areas and thus provide 
some indication of the direction of transport. 
But the paleogeography within the geosyncline 
remained mostly guesswork. The sands and 
coarser material were taken to prove shallow 
water. However, they are interbedded with 
shales and marls which show distinct indica- 
tions of deep-water origin such as flat lamina- 
tion, only pelagic fauna and agglutinating 
Foraminifera, and a profusion of undisturbed 
organic hieroglyphs. The environment of dep- 
osition remained in doubt because of the con- 
flicting evidence for deep and shallow water. 

This deadlock now appears to have been 
overcome by adoption of the concept of turbid- 
ity flow. For 6 years Ksiazkiewicz and his 
pupils have been applying the ideas and meth- 
ods advocated by Kuenen in connection with 
graded rock series. The inorganic sole markings, 
the slump structures, the types of bedding, the 
internal lamination and lineation, and the 
ripple mark have all been examined with care. 
All features characterizing presumably resedi- 
mented strata have been discovered in the 
present area, and some new types have been 
recognized. The directions of supply deduced 


from these features have regionaj 
mapped in several flysch units in various areg 

The data on environment and paleog 
raphy that can thus be ascertained are still {: 
from complete, and at least 6 years will be; 
quired to finish the first survey. However, t} 
results already obtained are so enlightening ar 
promise such a stride forward in understand 
the history of a geosyncline that a new phase 
Carpathian geology appears to have 
entered. Hence, an interim report on the pr 
liminary findings is well warranted. 

Kuenen’s visit to the area under the guidanj 
of Dzulynski and Ksiazkiewicz provided 4 
opportunity for reviewing present results an 
principal problems and for a comparison wij 
other turbidite formations. The new data ar 
the exchange of ideas helped to throw light ¢ 
some problems of general interest for all tu 
bidite formations. 

The first part of this paper is devoted ; 
paleogeography in an attempt to show how ti 
new data can be used to advantage. Whe 
source areas for various formations are sough: 
conflicting evidence is encountered in son} 
cases, and this difficulty has not yet bed 
solved. In the second part of this paper a nur 
ber of problems concerning turbidites and th 
mechanism of turbidity flow are reviewed. 

We hope that this summary may prove i 
teresting to geologists unable to visit ty 
Polish Carpathian Mountains and that it ma 
stimulate fruitful application of the concept 
turbidity currents in other regions. 
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PALEOGEOGRAPHY 
Tectonics and Stratigraphy 


South of the Polish flysch Carpathian Mow 
tains lie the Tatra Mountains constituted by 
massif of granites and folded Triassic to Midd 
Cretaceous sediments. This massif is 9 
rounded by a transgressive envelope of 
Podhale flysch of mainly Eocene age, foldé 
but not overthrust. The present breadth in th 
north is 15 km. Along the northern margin 4 
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is unit runs a narrow belt of intensely thrust 
aj crushed Jurassic and Cretaceous rocks 
cied the Pieniny Klippenzone. It consists 
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proven amount of overthrusting is 23, 26, and 
8 km respectively. The actual amount may be 
much greater. ) 


Tye 1.—STRATIGRAPHY OF THE AUTOCHTHONOUS FLYSCH AND THE KLIPPEN AND MaAGuRA NAPPES 
T—turbidites; F—fluxoturbidites; TF—mixed or intermediate 


TATRA MOUNTAINS AND PODHALE AREA 


Middle and Upper Eocene, proba- | Podhale flysch, 3000 m (coarser toward the top, shaly| T 
bly also Oligocene toward the base) 
Nummulitic limestones 
Basal conglomerates 
Trasic to Middle Cretaceous Folded and thrust older beds 
Pre Triassic Crystalline basement 
KLIPPEN SERIES 
Paleogene Magura sandstone T, partly F 
Hieroglyphic beds 
Locally coarse sandstones F? 
Senonian N—Red marls; S—Jarmuta sandstones and con- | T 
glomerates 
Turonian-Cenomanian Sandstones 
Red and green marls, in conformity on older, 
| Neocomian and Jurassic rocks 
Macura NApPPE 
| N | S | 
Oligocene | Magura sandstone 1500 m T | Magura sandstone 2000 m | T, partly F 
» Eocene Submagura beds 300 m | T | Hieroglyphic beds 200 m | T 
| | Red shales 300 m Pasierbiec sandstone 200 m | TF 
S| | Ciezkowice sandstone 200 m | | Lacko marls 200 m | 
£ Paleocene | | TF? | Red shales 200 m 
|Senonian | Inoceramian beds 1000m | T | Inoceramian beds | T 
|Turonian | ? | ? 


iaily of limestones and marls followed by 
ysch members containing conglomerates, sand- 
tones, and shales. 

Excepting minor thrust units the major part 
the Polish Carpathian Mountains is occupied 
y three great nappes of Cretaceous and Paleo- 
ene flysch: the inner Magura nappe, the 
ilsian nappe, and in the northeast the Skole 
appe (Fig. 1). The average combined breadth 
pi these nappes is 75 km. A belt 5-90 km wide 
P autochthonous Miocene rocks occurs toward 
he foreland; it is mainly of marine origin but 
tang somewhat resembles the Alpine 
lolasse. For the three nappes the minimum 


Each of these tectonic units is either divided 
into flatly thrust sheets, as in the western part 
(Fig. 2, upper cross section), or is intensely 
folded into a number of steep anticlines and 
synclines, which is characteristic of the tec- 
tonics of the eastern part of the Polish Car- 
pathian Mountains (Fig. 2, lower cross section). 
Many exposures show overturned strata. In 
spite of this the degree of dynamic metamor- 
phism is slight, so that primary sedimentary 
features are excellently preserved. The number 
of exposures is disappointing. 

Tables 1, 2, and 3 show the recognized mem- 
bers and their estimated thickness. For greater 
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TABLE 2.—STRATIGRAPHY OF SILESIAN NAPPE 
T—turbidites; F—fluxoturbidites; TF—mixed or intermediate 


SILESIAN NAPPE 


Western part Eastern part 


Krosno beds 600 m 


| T, some TF | Krosno beds > 2000 


Oligocene 
| 
= | Eocene | Menilite beds 150 m | Menilite beds 300 m a 
op | Red shale, Hieroglyphic | T | Red shale, Hiero- | T Oligoc 
3 | beds 300 m | |  glyphic beds Eocen 
ms | Ciezkowice sandstone 150 m | F | 
Paleocene | Upper Istebna beds 300 m | F | Upper Istebna beds | F é 
| 80 m 
Senonian Lower Istebna beds 1000 m | fe Red shale or marls 4 
| 50 m 
Turonian | | Red shale or marls Paleo 
| | 0m 
¢ | Cenomanian- | Godula beds 2000 m s 4 | Godula beds 0-200 m | T 
5 Albian | | or red shale 50 m 
Albian (lower) | Mikuszowice silex < 50 m | T | Senon 
oO | Lgota beds 300 m | T, partly F | Lgota beds 300 m s , | Senon 
. Aptian | Wernsdorf shale 200 m | Wernsdorf shale or ; Tur 
. Barremian | | Grodischt sandstone | TF 2 Cen 
Hauterivian  Grodischt sandstone 50m TF ian 
| Valanginian Upper Cieszyn shale 300 m | T | Upper Cieszyn shale | Albiar 
| Berriasian Cieszyn limestone 200 m T | 
Lower Cieszyn shale 200 m Barret 
Tithonian Stramberg limestone | Apt 
SuB-SILESIAN NAPPE 
(Because of tectonic reduction thickness cannot be estimated.) 7 
Paleogene | Krosno beds Pplidile Mio 
: | Menilite beds 
: | Variegated shales and marls ower Mioc 
partly Oli 
: Senonian | Variegated or grey marls ca. 150 m Digncene 
Turonian | 
Cenomanian | Variegated shales 
g | Albian Gaizes, silex, sandstones T ormed of 
= | Aptian 
oO | Barremian Grodischt sandstone T To the 
é Hauterivian 
| Valanginian | Upper Cieszyn shales T 
; detaii the reader is referred to the publications deposits, a large part of which is built up a and 
of Swidzinski (1947) and Ksiazkiewicz (1956). typical flysch rocks. This series is well differt . 


The flysch units of the Polish Carpathian 
Mountains together form nearly 6000 m of 


Features of the Carpathian Flysch 


tiated both vertically and laterally, and neat 
every stratigraphic unit is represented by 


least two facies. 


Two chief types of sediments can be disti 
guished within the Carpathian flysch. The ma 


aleogene 

Btebna be 
Btebna be 
Some typ 
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y is represented by typical turbidite units. 
abordinate part, totalling about 15 per cent 
thickness and even less in areal extent, is 


3.—STRATIGRAPHY OF SKOLE NAPPE 
T-turbidites; F—fluxoturbidites; TF—mixed 
or intermediate 


SKOLE (“SKIBA”) NAPPE 
Oligocene Krosno beds ca. 1000m) T 
Eocene Menilite shale + 
Kliwa sandstone F? 
200 m 
Hieroglyphic beds 200 | T 
m or Popiele 
marls 
Red shales 150 m 
Paleocene Babica clays and con- | T, TF 
glomerate (locally) 
150 m 
Senonian Baculite marls 
Senonian- Inoceramian beds 
Turonian- 
Cenoman- 
ian 
Albian Siliceous marls 
Red and green marls 
Barremian- | Black shales 
Aptian 
MarcINAL ZONE 
T Ppliddle Miocene Clays and sands 
ower Miocene, Sloboda conglomerates 
partly Oligocene?| Saliferous clays 
Digocene Krosno beds ¥ 
? 


omed of rocks that are of somewhat similar 
7 peiance but are of more doubtful origin. 

To the first type belong: the Teschen, Jar- 
7 PP", Godula, and Inoceramian beds and most 
f the Lgota beds in the Cretaceous; the Hiero- 
Hyphic beds, Podhale flysch, Magura sand- 
oe, and most of the Krosno beds in the 


t up 
neat, The second type is represented mainly by the 


| by aleogene Ciezkowice sandstone and Upper 
ftebna beds, and by the Cretaceous Lower 
febna beds and Lower Lgota sandstones. 

Some types, such as the Grodischt sandstone, 


dist 
1e mé 
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Pasierbiec sandstone, Lower Krosno beds, and 
some subtypes of Magura sandstones, may be 
regarded as intermediate fopms between the 
two types. 

The first type displays all the features known 
from other areas where evident turbidite forma- 
tions are developed. It consists of sandstones 
and, in a few places, conglomerates alternating 
with shales or marls. In some cases detrital 
limestones take the place of the sandstones. The 
sandstones are muddy, evenly bedded, more or 
less distinctly graded, and of moderate thick- 
ness, 7.¢., hardly exceeding 2 m, and normally 
much thinner (0.1-6.5 m). The lower surface is 
always sharply marked and in most places 
exhibits a profusion of sole marks (hieroglyphs). 
Small-scale current bedding and_ horizontal 
lamination are plentiful in these beds, in the 
fine-grained upper parts. In many beds, especi- 
ally in the Inoceramian, Submagura, and 
Krosno beds, there is a fine display of convolute 
lamination. Flute casts, as well as organic 
hieroglyphs, are very numerous. Many of the 
latter are postdepositional, but several are 
predepositional. 

The second type of flysch is described else- 
where in this paper, and the name “fluxoturbi- 
dite” is proposed. It is transitional between 
true turbidites and pure slides, because it 
shows a mixture of features characteristic of 
the two mechanisms of transport. 

There are also numerous indications of 
slumping in the Carpathian flysch, and nearly 
every stratigraphic unit contains beds distorted 
or disrupted by submarine sliding. In other 
cases the reworking has gone much further, and 
the resulting deposits consist of clay or silt 
mixed with pebbles and blocks. Such beds oc- 
cur in several members of the flysch sequence; 
they are particularly common in the Upper 
Istebna and Babica beds (Paleocene). The 
thorough mixing of pebbles and boulders with 
clay and their chaotic arrangement signify that 
these beds were formed by true subaqueous 
mud flows. By the regional occurrence of such 
deposits within the Babica clays these slumps 
can be traced at least 30 km from the presumed 
source. This indicates extreme mobility for 
such mud slides, and depths far exceeding 
neritic must have been attained at the far end. 

Flyschlike calcareous units occur, and the 
Teschen limestones have always been regarded 
as a type of “flysch” by Carpathian geologists. 
These rocks provide a fine example of a cal- 
careous turbidite formation. Many of the lime- 
stones are excellently graded from gravel sizes 


some 
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through algal and echinoderm sand-sized frag- 
ments to a fine-grained limestone. Flute casts, 
load casts, current-ripple lamination, horizontal 
lamination, much convolution, tracks, and bur- 
rows are other features of these beds; they differ 
from normal turbidites only in the chemical 
nature of the particles. Hence, there does not 
appear to be any valid reason for excluding 
them from the definition of flysch, as some 
authors do. 

Directional features are plentiful in the Car- 
pathian flysch and together with facies analy- 
sis provide abundant material on which to base 
paleogeographic reconstruction (Ksiazkiewicz, 
1958a}. Nearly every unit in good exposures 
exhibits sufficient features (sole markings or 
current bedding) for determining the main 
direction of transport. More than 1000 measure- 
ments have already been made, but for several 
units the picture is still far from complete, and 
the absence of measurements in adjoining areas 
beyond the Polish frontiers hampers attempts 
at paleogeographic conclusions. 

The following is a summary of what has 
already been ascertained. 

The Teschen limestones and shales exhibit 
features - pointing to a transport from the 
northwest, the Grodischt sandstones from the 
southwest or southeast, the Lgota beds from 
the southwest; but certain incorporated coarse- 
grained sandstones came from the northwest. 
The Godula and Istebna beds were supplied 
from the southwest, and the same direction is 
shown in the Ciezkowice sandstone (Koszarski, 
1956) and in the Hieroglyphic beds of the 
Silesian zone. The Inoceramian beds of the 
Skole zone show a supply of the material from 
the northwest, whereas the Inoceramian beds 
of the Dukla and Magura zones were deposited 
by currents flowing mainly from the east or 
southeast. The Magura sandstones were de- 
posited by currents coming from the northeast, 
according to measurements by Ksiazkiewicz 
(1958b) and by W. Sikora and K. Zytko (Un- 
published) in the area south of Zywiec. The 
youngest member of the Carpathian flysch, the 
Krosno beds, shows directional features point- 
ing mainly to flow from the west, although in 
the most western area and in the extreme east 
opposite directions may be noted. 


Some Paleogeographic Conclusions 


Considerable changes in the shape of the 
basins and the points of supply have occurred 
during the sedimentary history because of oro- 
genic activity and presumably also as a result 


of migration of river mouths. Hence each suff Three 
cessive formation must be regarded separately these f 
but in conjunction with other deposits of tiansverse 
same age. adine br 

Throughout the geosynclinal period tu 
troughs, the Main and the Magura, ran pare mording 
to each other and to the axis of the Carpathiahsiewicz 
Mountains and were separated by a ridge thi This vie 
was sometimes above and sometimes belo the inc 
sea level. 

In Middle Eocene times a third trough, th 
of Podhale, developed by subsidence in tier the tv 
south on the site of the previously folddhien to | 
mountain range. These troughs were fed fraasoning | 
various points and at times from entirely drvatior 
ferent sources. Current directions were altereliyye been 
even reversed, and the great changes in sedi situatic 
mentary and processes thus brougibers phic 
about led to the production of distinctive typ The opp 
of flysch. These types had been recognizgliis7b) wh 
previously and given different names. reliable 

Thus the application of the concept of tuts are | 
bidity currents promises to lend more meaniahesureme: 
to the present collection of more or less discoted to a t 
nected data. Instead of an apparently arbitration, or loc 
occurrence of contemporaneous but differitlugh floor 
rock types of variable thickness in a haphazal consic 
sequence, a picture is now evolving of intéfansort. " 
related phenomena taking place in a logig idence of 


sequence. However, many details must sill his view is 

investigated, and evidence on some mai, 

problems is conflicting. A third 
The most unexpected result of mapping oMfiections fc 


rent directions in turbidites has been f 
indication of the strong predominance of lor 
tudinal or sublongitudinal transport in M§ngitudinal 
flysch troughs. As Kuenen pointed out (195M numb 
this tendency has already been observed rections, ; 
several other regions: in Wales (Kuenen, !95Mahic evid 
Kopstein, 1954) and more spectacularly in ut transy 
Apennines (ten Haaf, 1957; 1959). This tittive witho 
has also been established by the work in Polatiey did af 
(Dzulynski and Radomski, 1955) for the Pajough. This 
hale trough and by Ksiazkiewicz (1956) fot here evider 
Main and Magura troughs. Apparently 10 loge the “curr 
tudinal transport is also dominant in the Myeg more 

manian Carpathian Mountains (Patrulius, fihp, deltas | 
sonal communication) and the Caucasus (\@, 
soevich, personal communication). 

The large number of observations rect 


W ply from 


made in the Polish Carpathian Mountains 
to confirm this general rule. More or less 4 om t 
trary deviations from the longitudinal diredif of wi 
or a significant number of additional obli a units | 
current directions are found in some units, #™ding to 


even a dominantly transverse system is pred paleo 
countered in one or two instances. h Carpa 


id 

: 

é 


ach su Three explanations can be offered to account 
Datateliy these findings. One is that currents came in 
s of tiinnsversely from the coastal zones of the geo- 
adine but on reaching the axial region of the 
od twfugh turned in one or the other direction, 
paraliording to the slope of the basin axis (Ksi- 
1956, p. 387; 1958a). 
ge th This view tries to combine the testimony 
s belo the indicated current directions with the 
sumed paleogeographic picture, even if the 


gh, thaiiter is somewhat doubtful or obscure. When- 
in tifyr the two are not in harmony more weight is 
 foldd&ven to the paleogeographic evidence. The 
ed fraasoning is that upstream from the point of 
rely d@ervation the direction of the currents may 


we been curved. This manner of explaining 
ie situation is referred to below as the “paleo- 
graphic view”’. 

The opposite view was expressed by Kuenen 
1957b) who advocated that current evidence 
areiable guide, especially where the measure- 
mats are dominantly longitudinal. Divergent 
asurements in a few places are then attrib- 
dd toa tectonic disturbance, faulty observa- 


altere 
in sed 
broug 
ve 


t of t 
meani 
3 disco 


irbitrafin, or local contemporaneous tilting of the 
differiqfwugh floor. This reasoning is based on theoreti- 
phazal considerations favoring longitudinal 


of intg 
a logid 
t still 


ansport. The new data include unequivocal 
idence of lateral supply, which shows that 
is view is too dogmatic for general applica- 
on, 
A third possibility is that the measured 
ections form a more trustworthy guide than 
een Weltogeographic evidence. If the latter points to 
of lomimply from the sides but is contradicted by 
in Mrgitudinal current directions without a suffi- 
; (195ient number of transverse or oblique current 
erved | ittions, it is assumed that the paleogeo- 
n, 195Mfahic evidence is not reliable. The reasoning is 
ly mn at transverse currents cannot have been 
This Mtive without leaving as good sole markings as 
n Poliiey did after they turned lengthwise in the 
the Pafwugh. This manner of explaining the situation 
5) for there evidence is conflicting is referred to here 
ly lo the “current view”. If this reasoning is ac- 
the Fd more sediment can be attributed to 
7 Re deltas that had extrageosynclinal sources 
is probable according to the paleogeo- 
view. 
Belore we attempt to choose between these 
wg’ Views the evidence now available for a 
direct#™er of units will be treated separately. For 
1 oblig”™ units the source areas will be discussed 
inits, #""ling to the two possibilities. The two 
m is pred paleogeographic reconstructions of the 
h Carpathian geosyncline (Figs. 4, 8) are 
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based on the paleogeographic view and thus 
represent the more orthodox approach. 

(1) LOWER LGOTA SANDSTONE (ALBIAN) : These 
beds are about 200 m thick. In the western 
part of the Carpathian Mountains current 
bedding and flutings point to a source situated 
in the area now located somewhere south or 
southwest of Krakéw, presumably on the 
northern shore of the geosyncline. It is clear 
that the material came from an external source 
and not from an internal region of the geosyn- 
cline. At the beginning of the Albian a fairly 
large land area north and northwest of the 
geosyncline extended to Central Poland. Dis- 
tribution of Albian and Cenomanian sediment- 
ary rocks indicates that during the Albian the 
sea invaded the axial zone of the Middle 
European basin which extended through Ger- 
many and Poland. To the south it left a vast 
land area that was not submerged until during 
the Cenomanian. Hence in this case the current 
view appears to be applicable, because it is not 
in conflict with the paleogeographic picture. 
Possibly a river drained the northern bordering 
land and supplied the sediment of the Lower 
Lgota beds to the trough somewhere in the west. 

(2) GODULA BEDS (UPPER ALBIAN-CENOMA- 
NIAN-TURONIAN): These beds are 2000 m thick 
in the west but wedge out to the east and 
northeast. The direction of flow was from the 
west, mainly the southwest (Fig. 3). Toward 
the west, north, northeast, and east the Godula 
beds are replaced by shaly deposits, mainly 
red clays. According to the paleogeographic 
view it is improbable that the material for the 
Godula beds came from an external source in 
the north because of the presence of shales on 
that side of the basin. This points to a supply 
from an area situated within the geosyncline. 
If one assumes lateral supply this source must 
have been a land area situated southwest or 
south of the basin in which the Godula beds 
were deposited. This land area supplied sand 
which was carried on a slope of the sea floor to 
the east and northeast. The grain size does not 
diminish in the direction of flow, which indicates 
that several points furnished sand along the 
coast of this land area. The greatest thickness 
in the west indicates that the main supply 
points were situated in the western part of the 
presumed land area, named Silesian Cordillera 
by Ksiazkiewicz (1956). 

The presence of glauconite seems to argue 
against the supposition that a river delta was 
supplying material to the Godula beds. Al- 
though possibly glauconite formed in the fore- 
sets of the delta, it is more probable that small 
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rivers flowing from the land area supplied sand 
and clay to the littoral fringe, and that the 
glauconite was formed in the coastal zone, where 
sedimentation was slower. This extensive source 
all along the coast indicates that the sediment 
must have entered the trough laterally. 

The gradual decrease in thickness to the east 
can perhaps be accounted for more logically on 
the basis of the current view. All sedimentary 
matter then is assumed to have come from the 
southwest from an area beyond the Silesian 
Cordillera (Fig. 4), where the paleogeography 
is still obscure. The observed current directions 
also favor this view. But the Godula beds thin 
toward the west also (Ksiazkiewicz, 1956, Fig. 
2). Investigations west of the frontier are ur- 
gently needed to throw more light on this 
problem. 

South of the presumed Silesian island lay 
another flysch trough (Magura trough). The 
postulated land area furnished little sediment 
to this trough. Probably the lowest part of the 
Inoceramian beds was deposited in this trough 
at the same time as the Godula beds in the 
Main trough. Flow direction in these beds is 
mainly from the east and southeast (Ksiazkie- 
wicz, 1958a), and only a small supply from the 
north can be assumed according to direction 
measurements. Possibly this can be explained 
by assuming that the main runoff was directed 
to the north. 

This would signify a steep southern slope for 
the source area. Actually, coarse-grained sand- 
stones containing abundant glauconite, feld- 
spar, and biotite, the so-called biotite facies 
(Ksiazkiewicz, 1956, Fig. 3), occur in the 
Inoceramian beds of the Magura zone in Silesia 
near the northern margin of the trough. 

A paleogeographic reconstruction of the 
region applicable to the Cenomanian-Turonian 
can be made for most of the time during which 
the Godula beds were being deposited (Fig. 4). 
The result does not point to an external source, 
as most of the area which lies in the upcurrent 
continuation from the measured directions of 
flow was submerged. A larger part of this area, 
1.e., the Sudeten Mountains and the Bohemian 
massif, is still covered by Cenomanian sand- 
stones and Turonian marls. 

This review shows that the evidence for the 
source area of the Godula beds is mainly in 
favor of the paleogeographic view. 

(3) INOCERAMIAN BEDS: Two belts of Ino- 
ceramian beds occur in the Carpathian Moun- 
tains; the northern belt was formed in the 
northeastern part of the Main trough, the 
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southern in the Magura trough. These belts 
not strictly coeval: the northern belt repr 
Cenomanian-Turonian-Senonian deposits, 
in the southern belt the Inoceramian beds 
mainly Senonian, although their lower part 
belong to the Turonian. The presence of 
Cenomanian in the southern belt is doubtf 
considerable part of the Inoceramian beds 
both areas was deposited at the same time 
the Godula beds. 

In the Polish Carpathian Mountains 
Inoceramian beds of the northern belt, now 
cluded in the Skole nappe, show a persist 
direction of current from the west-northw 
According to the current view this evide 
indicates that the source area was somewh 
east of Krakéw, and that the land that 
nished material to the Inoceramian beds 
now deeply buried below the Miocene of 
foredeep and the cover of the Carpa 
nappes. 

The paleogeographic evidence presents di 
culties, however. Boreholes provide some 
sight into the nature of this presumed so 
area. Paleozoic and even crystalline rocks 
been found; all have Jurassic cover, and 
have Cretaceous cover. This cover consists 
Cenomanian conglomerates and sandstones 
lowed by Turonian and Senonian limest 
and marls. This indicates that the whole { 
land area limiting the geosyncline from 
north was submerged. Hence this evid 
points to a source area situated along 
northern margin of the geosyncline. If 
paleogeographic view is followed and we 
into account only the proven distance of 
marginal thrust of the Carpathian na 
(about 10 km), then the source area is a ¥ 
limited area at the border of the Carpat 
geosyncline and does not have overlying Ce 
manian and Turonian sedimentary rocks ( 
4). Very much the same picture can ber 
structed for the Senonian: neither a large 
area nor space for a large delta-building 1 
is available in the paleogeographic recons 
tion. This holds even if the amount of thrus 
the Carpathian margin was much greater, 
that the present border of the Carpa 
flysch was pushed back not 10 km but a 
dozen km. Most of the area bordering the 
pathian geosyncline from the north was i 
dated during the Late Cretaceous, and onl 
limited area was left as the presumable so 
area for the Inoceramian beds of the S 
zone. Possibly this area formed a marginal 24 
that had a strong uplifting tendency. It | 
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FiGuRE 3.—CuRRENT DIRECTIONS 
1—Inoceramian beds; 2—Godula beds 
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probably built of crystalline rocks, covered by 
Devonian and Carboniferous sediment, in which 
the highest member was formed by not very 
coherent Coal Measure sandstones. These could 
have been reworked by small rivers and marine 
abrasion to supply the sand of the Inoceramian 
beds. Numerous occurrences of coal fragments 
and blocks seem to corroborate this assumption. 

Again the evidence for the Inoceramian beds 
is somewhat conflicting. Paleogeography indi- 
cates a narrow marginal belt as source, whereas 
the current directions, volume, and uniformity 
of the beds would harmonize better with a wide 
source area supplying sediment to the western 
end of the trough. 

The Inoceramian beds of the southern zone, 
occurring today in the Magura nappe and 
Dukla folds, exhibit flute casts, pointing to a 
main supply from the east and southeast, with 
a subordinate addition from the north, obvi- 
ously from the Silesian cordillera. According to 
the paleogeographic view this might represent 
the main source area for the western end of the 
trough. Nevertheless an important source area 
farther east also must be assumed; presumably 
it is in the southeast in the region situated 
outside the Polish Carpathian Mountains, 
somewhere in the vicinity of the internal 
Klippen zone. However, this zone itself was well 
below sea level during the Cenomanian and 
Turonian, as shown by the occurrence of 
foraminiferal marls. South of this sea a vast 
land area probably emerged soon after the 
Albian. The presence of this land is postulated 
on the ground that Albanian sedimentary rocks 
are the youngest rocks in the folded sequence of 
the Tatra Mountains and other internal ranges 
of the Carpathian Mountains. No Upper 
Cretaceous beds are known in this area, al- 
though littoral deposits of Senonian age occur 
at its periphery. But there is no indication 
whatsoever that this land area furnished ma- 
terial to the trough fringing it in the north 
before the Senonian. According to paleogeo- 
graphic evidence the only land area that could 
furnish sand to the southern Inoceramian zone 
was the prolongation of the Marmaros massif, 
itself well submerged at the time in question. 
The submergence is proved by abundance of 
marine deposits of Late Cretaceous age within 
and near the massif. Again we look in vain on 
the paleogeographic map for a land of consider- 
able size at the border of the geosyncline (Fig. 
4) and are led to postulate an island of modest 
dimensions that could deliver enormous vol- 
umes of quartz sand and clay without much 
feldspar. 
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For the Senonian a similar picture is eviden 
In the Klippen zone the Jarmuta beds wey 
derived presumably from a land area borderip 
the geosyncline on the south. These beds are q 
limited extent, however, and the main mass 
the Senonian Inoceramian beds of the Duk 
and Magura units must have had a differey 
source area. Tentatively we assume that th 
prolongation of the Marmaros cordillera nortf 
of the Klippen zone functioned as source are 

According to the current view the source are 
for all the Inoceramian beds of the Magu 
trough was in the southeast either in the Ma 
maros cordillera or some other unspecifig 
land mass. 

(4) MIDDLE EOCENE DEPOsIts: During 
Eocene argillaceous deposits dominated in th 
Main trough, whereas mainly coarse-graing 
beds were accumulating in the Magura troug 


| 


verse current directions. 

In the Magura trough three types of se 
ments were deposited at this time: (1) coars 
grained Pasierbiec sandstone up to 200 m thid 
(2) fine-grained hieroglyphic beds, (3) mai 
The hieroglyphic beds have flutings from 
east and northeast; hence they indicate long 
tudinal flow. Although this trend has be 
followed for about 200 km, no appreciah 
change in grain size or current direction 
been found. The Pasierbiec sandstone sho 
directions generally from the north. Ksiazk 
wicz studied this problem within a large arg 
in the region north of Babia Géra and aroul! 
Rabka. Although the results are incomple 
(Fig. 5) they show fairly well that flutiql 
directions in the extreme western part of 
investigated area deviate slightly toward 
west; in the eastern part they deviate tow 
the east, so that a fan-shaped arrangemeg 
results. It is not known how they behag 
farther east and farther west, but the Pasierbig 
sandstone thins in these directions and dis 
pears and is replaced by the hieroglyphic bs 
or marls (Fig. 5, inset). The Pasierbiec s2 
stone presents the best example discovered 
far in the Carpathian flysch of grain size dim 
ishing in the direction of flow. Not only do 
conglomerates disappear in the down-curtt 
direction, but coarse grain in the sandstot 
gradually gives way to finer grades, and at 
same time the amount of fine grains of gh 
conite increases. 

(5) KROSNO BEDS (UPPERMOST EOCENE 4) 
OLIGOCENE): The directions of turbidity 4 


fs This period has been selected for considerati@) “ 
hee not because of great thickness of deposit@) 4 
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rents in the lower part of the Krosno beds, 
synthesized from the data collected by Ksi- 
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to have contributed sediments to the God 
and Istebna beds referred to above. In 


azkiewicz in the western Polish Carpathian Krosno beds the current directions favor trang|_ 
Mountains and Dzulynski and Slaczka in the verse supply, and a less ambiguous pictyg ® 
Wistok 
Tarnow isto | 
Jarostan 
rostaw t 
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FiGuRE 7.—CuRRENT Directions DURING THE SEDIMENTATION OF THE MIDDLE AND Upper Kr 
BEDS IN THE EASTERN PART OF THE POLISH CARPATHIAN MOUNTAINS 
In the western part current directions are the same as in the Lower Krosno beds: 1—thick-bedded 
stones; 2—thin-bedded sandstones; g—glauconite sandstones 


middle and eastern Polish Carpathian Moun- 
tains, are shown in Figure 6. 

The distribution of current directions implies 
the existence of at least three source areas 
contributing sediments to the Krosno trough. 

The first source area was situated south of 
the Main flysch trough somewhere in the area 
between the Sola and Wisloka rivers. Measured 
directions are mainly transversal and rather 
variable. Hence it may be assumed for both the 
current view and the paleogeographic view that 
turbidity currents came off the southern border 
of the trough and tended to fan out on the 
trough floor. Some currents appear to have con- 
tinued toward the western and eastern parts of 
the Main flysch trough. (See Fig. 8.) The 
material becomes progressively finer-grained 
away from this source. Therefore the sandy 
facies in the lower part of the Krosno beds is 
largely limited to the zone along the present 
margin of the Magura. 

This source probably can be identified with 
the same postulated land area that is supposed 


the Marmaros Massif. The eastern part of 
Central Depression has been nourished large) 
from this area. The currents which came fr 
this source could reach the region of the Osla 
river from the southeast and deposited thi 
bedded sandstones. 

The third source area that contributed 
ments to the Krosno beds developed southwe 
of Przemysi as a ridge in the beginning of 
Oligocene and divided the Main flysch tro 
into two basins. (See Fig. 8.) 

The influence of this latter source seems to! 
less conspicuous in the southern basin than 
the northern one. This comparatively § 
influence on the southern basin may be due’ 
the smaller supply or to the removal of 
northern margin of the Krosno beds by eros! 
Possibly both factors played a part and 
gether account for the more restricted 


ome, 
| 
ang 
| 
ae evolves than for the Godula beds with the! 
Ege longitudinal currents. 
The second source possibly coincided 
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rence of sandstones in the southern basin laid 
down by currents from the north. 

Figure 8 indicates that large quantities of 
sand were deposited near the source areas dis- 
cussed. These sandy facies seem to surround 
the area south of Krosno and Sanok where the 
Krosno beds attain a thickness of about 3000 m. 
The proportion of marly shales to sandstones 
in this area is greater than in the surrounding 
regions, and the thick-bedded sandstones are 
less conspicuous. Possibly this “marly facies” 
corresponds to the central part of the basin 
where the currents from various sources met. 
The turbidity currents had probably lost most 
of their sandy load before reaching the distant 
central part of the trough. Only exceptionally 
strong currents could deposit large quantities 
of sand in this area. A large amount of this marl 
may have settled from currents which became 
ponded in the deepest part of the trough. 

Farther to the east from the area occupied 
by the marly facies a remarkable situation was 
discovered that is unique as far as present 
knowledge goes. In this part of the geosyncline 
the thick-bedded, coarse-grained sandstones are 
interstratified in a sequence 300 m thick with 
fine-grained and thin-bedded sandstones dis- 
piaying convolute structures. The former were 
laid down by currents from the southeast or 
south and the latter from the southwest to 
northwest (Dzulynski and Slaczka, 1958). 

This relation is encountered over a region 
more than 50 km long in the upper part of the 
Lower Krosno beds. If a horizontal floor is 
postulated to account for opposing directions 
of flow two difficulties arise: (1) How could this 
delicate balance be maintained during accumu- 
lation of a column of sediment 300 m thick? 
(2) What was the driving force that carried the 
currents so far on a horizontal bottom? Clay 
and silt can be carried great distances merely 
by the spreading of a cloud, 2s indicated by 
findings in the present oceans, but this is not a 
very satisfactory suggestion for sand. A slow 
marine current flowing toward the southeast 
up a longitudinal slope could produce this situa- 
tion, but no shales of pelagic origin would have 
been deposited. 

The observations hitherto discussed pertain 
to the lower part of the Krosno beds. During 
the sedimentation of the Middle Krosno beds 
the conditions in the Carpathian geosyncline 
underwent some changes. The sandstones be- 
came finer-grained, and their thickness de- 
creased. Over vast areas fine-grained sandstones 
with convolute structures were deposited. 
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Whereas in the western Carpathian Mountaj 
no distinct change in the direction of curren 
between the lower and middle part of th kro 
Krosno beds was observed, the conditions ; I 
the Central Depression underwent a chang 
(See Fig. 7.) The influence of the Marmar 
source area decreased gradually, and the cu. 
rents that came from the northwest or wes 
(longitudinal transport) became predominan(f 
Figure 7, synthesized from the data collect 
by Dzulynski and Slaczka (1958), represen 
the directions of turbidity currents in 
eastern part of the Polish Carpathian Mou 
tains during deposition of the Middle and Up 
Krosno beds. Although longitudinal transpor 
is indicated, measured directions show that th 
source area north of Sanok still contribut 
sediments on both sides into the southern ang’ 
northern basins. In the first basin large incu‘ 
sions of thick-bedded glauconite sandston 
were deposited. The soles of these poorlf’ 
graded fine-grained sandstones exhibit | 
flute casts up to 1 m long and 50 cm wide. |’ 
Before current measurements were initiate 4 
the paleogeographic reconstructions of sour. 
areas were based on the facies and the distribu. 
tion of exotic boulders. Several suggestions s¢ " 
forth by previous authors have been confirmeq” 
by the present sedimentological investigation. ‘ 
based on entirely different methods. The Mar see 
maros Massif as a source area for flysch r 7 
had been recognized long ago. Wdowiarz (1953 *~ 
on the basis of the occurrence of exotic boulder tin 
found by him and Gawell in the Krosno beds ie 
suggested the existence of small land are . 
north of Sanok in the Oligocene. . | 
In Figure 6 the distribution of exotic boulder ws 
is shown by black dots. 
(6) MAGURA SANDSTONE: Current direction she 
in this unit have been mapped by Ksiazkiewiq. 8 
in some detail within the area between Wado a 
wice and Mszana and to the southwest (Fig. 6) ae 
The prevalent direction here is from the north Ne 
east. Cursory observations in other areas shot 
similar directions with some minor exception,” 
It seems now well established that most of th oe 
Magura sand came from the northeast and tha. ’ 
an inflow from the south is indicated only sou The 
and east of Nowy Sacz. hei 
If this situation is to be explained on the bas se . 
of the paleographic view, then possibly tf " 
Magura sandstone had its main source in ob 
area situated north of the Magura trough, + 
in the Silesian cordillera. The eastern part ®, 
this area, however, supplied most of the sat 
to the Magura trough; the western part of th 
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ind area furnished materials in the opposite 
jection to the northern trough in which the 
{rsno beds were being deposited (Fig. 8). 

The difference in lithology between the 
{nsno and Magura sandstones must then be 
tributed to contrasts between these two parts 
the common source area. 

Ifthe current view is applied the measured 
jrections point to supply for the Magura 
gadstone somewhere in the east. The difference 
i lithology between Krosno and Magura 
andstones is thus more readily accounted for, 
sthey are assumed to be derived from widely 
garated sources. 

Current directions are sublongitudinal with 
rtd to the general strike of beds, and no 
iiferences in grain size downcurrent can be 
wed. Farther away in the direction of flow the 
Magura sandstones pass into the shaly facies 
Tin beds of Czechoslovakian geologists) in 
Moravia. 

Asmaller part of the Magura sandstone can 
teattributed to a source situated to the south 
w southeast on the strength of some currents 
iirected northward. Further research is needed 
he distribul ® find out whether this source was connected 
gestions s wth the Klippen zone or with the prolongation 
ithe Marmaros zone. 

PODHALE FLYSCH: This unit has been 
investigated recently by Radomski (1957), who 
flysch rod ‘ound that the predominant direction of tur- 
jarz (1953 bidity currents was from the west. The longi- 
tic boul tudinal transport is well displayed, except for 
rosno beri °™* deviations from this direction along the 
lead torthern margin of the Podhale flysch. 

In the case of the Podhale flysch the current 
tic bouldes view seems to account satisfactorily for the data 

gihered. A land mass adjoining the basin on 

+ deal thesouthwest was of sufficient extent to provide 
“sinskiowid large amount of sediment (Fig. 8). The ex- 
Stence of this land is based on the disappear- 

est (Fig. 6 - of the flysch toward the west, and on the 
+ the northf “erences between the Magura flysch of the 
oq*mal zone and the internal Podhale flysch. 
No transitional zone was found between them. 
domski assumed that somewhere in the west 
ftver mouth supplied sands to the end of the 
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on the bas rodhale region appears to have contributed 
ossibly tp et to the trough, because exotic boulders 
urce in te" “ttered along this northern margin of the 
trough, j Fothale flysch, and numerous deviations from 
ern part general current direction occur. However, 
of the sal ‘domski followed the paleogeographic view 
part of th “assumed a supply from the north and prob- 
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ably also from the south in addition to a source 
in the west. 


Alternative Interpretations 


An attempt can now be made to assess the 
merits of the two alternative interpretations 
when applied to the units discussed. 

The original geography of the flysch troughs 
cannot be reconstructed accurately. Even be- 
fore orogeny died out the slopes may have been 
upwarped and stripped of their sedimentary 
cover. Denudation and tectonic cover have 
caused further changes. Therefore the question 
of whether current directions coincided with the 
trough axis can be answered only roughly, and 
part of the evidence for currents from the side 
may now be missing. 

The case for the paleogeographic view is 
obvious. It is assumed that the paleogeographic 
situation is fairly well known and that uncer- 
tainties as to tectonic reconstructions or dating 
of events and distribution of sea, land, and other 
features are relatively small and do not allow 
significant alterations to accommodate exten- 
sive source areas that are not shown on the 
paleogeographic maps (Figs. 4, 8). 

In some cases this point of view indicates 
supply from the sides of troughs in which the 
measured current directions give no evidence or 
only slender evidence for this conclusion (e.g., 
Godula beds in the western part of the Main 
trough, Inoceramian beds in the Skole nappe, 
and the Magura sandstone in the western 
Magura trough). 

To account for the fact that the currents left 
no evidence of transverse supply, it must be 
assumed that the lateral direction was de- 
veloped in the marginal parts of the trough 
that have been uplifted and destroyed and/or 
that the currents did not start to deposit 
turbidites until they had turned lengthwise in 
the troughs. As stated above the big arrows in 
Figures 4 and 8 are drawn according to the 
paleogeographic view. 

An advantage of this reasoning is that the 
distances of transportation one has to assume 
are smaller than for the current view. For beds 
that show longitudinal directions but are com- 
posed of thin current-bedded and laminated 
beds (Godula, Inoceramian, Hieroglyphic, 
Upper Lgota beds and Teschen shales), a re- 
quired distance of 100-150 km is more easily 
accepted than twice that amount necessary in 
the case of the current view. The intercalation 
of conglomeratic beds in a few places is also an 
indication of a near-by source. 
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In many coarse-grained sandstones num- 
mulites, bryozoa, and lithothamnia occur in 
great profusion. These are shallow-water or- 
ganisms but not from a delta environment. It 
is more probable that they were carried down 
from shallow coastal water rather than from a 
delta. 

The case for the current view can be based 
on several arguments: 

(1) Two examples can be given of obvious 
lateral supply based on composition and cur- 
rent measurements. In the Podhale flysch 
(Fig. 6) some horizons contain coarse material 
that came from the north into a trough sup- 
plied by currents from the west. The Lgota 
sandstone shows a southwesterly supply. But 
at Kalwaria there occurs a coarse variety con- 
taining angular coal fragments supplied from 
the north. Two other examples of transverse 
current directions, Pasierbiec sandstone and 
Lower Krosno beds in the western Main trough, 
are both linked with a downcurrent decrease in 
grain size. To a certain extent this is also the 
case for the lateral supply from the southern 
border of the Skole nappe. Hence, the available 
data indicate that lateral supply leaves abun- 
dant evidence in the shape of measurable 
current directions. 

(2) Generally grain size does not decrease 
along the current direction where it is longitu- 
dinal. This might be accounted for by supply 
from the side, but lack of horizontal grading is 
also found where longitudinal transport has to 
be assumed even according to the paleogeo- 
graphic view. This holds even where 100-200 
km appear to have been covered. 

(3) In several flysch units the thickness of 
the formation decreases downcurrent, but with 
uniform lateral supply it should increase. The 
lateral supply would have to show a strong 
downcurrent decrease in all these cases, but the 
observed uniform grain size does not support a 
number of separate lateral sources decreasing in 
volume downcurrent. 

(4) Some flysch units are remarkably uni- 
form in composition and lack the rapid hori- 
zontal variation in mineralogy and grain size 
one would expect in the case of detritus carried 
from the sides and coming from a rising cordil- 
lera, at least after the sedimentary cover had 
been stripped off. 

(5) For the paleogeographic view it is as- 
sumed that if a sandy flysch is separated from 
a coast by red clays or other fine-grained de- 
posits, it must have been provided from else- 
where. However, the possibility must be ad- 
mitted that turbidity currents can transport 


sand through a submarine valley across an area} jp 
of clay deposition. This by-passing took place} jj 
in present oceans during the Ice Age when} » 
coarse sediment was transported down sub-} 
marine canyons to the ocean floor. ty 
(6) According to the paleogeographic view] 
lateral supply can have taken place without 
leaving evidence in the measurable current 
directions. The explanation offered is that 
longitudinal transport was confined largely to 
the central parts of the troughs and that its 
present predominance is a result of the de. 
struction of former lateral slopes. But in an 
oblong basin the laterai slopes must be much 
steeper than the pitch of the trough axis. Other. 
wise the basin would have to be round. If this 
pitch can direct the currents, the steeper lateral 
slopes must have done so even more markedly. 
The preserved trough floor with parallel cur. 
rents must have had a flat cross section witha 
slight longitudinal pitch; otherwise the currents 
would have run obliquely or only down the axis 
of the central depression (Fig. 9). An occasional 
lateral current in such a flat-floored basin 
cannot start to turn lengthwise until it has 
reached the bottom of the trough wall. It cat 
then be deviated by the pitch, but only gradu 
ally. Even if the currents did not start to de 
posit until they had turned to a longitudinal 
direction, they must have formed flutings i 
oblique directions. The whole breadth of th 
trough floor should contain the evidence d 
transverse currents in the shape of sole mari 
ings, if not as current bedding. This evidencd qj 
would remain after the margins had 
upwarped and destroyed. ich 
In the case of major supply from the side 
the currents coming off the lateral slope shoul I | 
fan out and start dropping part of their loads tas: 
The floor will be built up by successive dj fg. 
posits until it has a slight transverse slope tthe 
the opposite side. A stabilized condition is theq "ds, 
attained, and the currents will spread obliquely daiv 
across the floor by gradually turning to thq (1) 
longitudinal direction. All this fan-shaped ange of 
oblique flow should be recorded in flutinggach 
because they are formed in the central parts oie 
the trougi. The currents coming from highefd co 
up should tend to pass along the opposite sidgie tr 
of the trough in consequence of this transverstaty | 
slope. In other words the sediment on the trouggite of 
floor should characteristically contain evidentf k 
of directions fanning at least 120° away from #ply 
the points where currents arrive from ("su 
lateral slope. More centrally oblique directiom™ to 
should prevail, and on the opposite side longpitts » 
tudinal directions should dominate. The Krosip*s or 
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ids in the Main trough appear to conform 
xitly well to this deduced pattern and to have 
nme off the Silesian cordillera or a raised 
swgh rim in the south composed of older 
isch rocks. 
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trough could not be reached in the latter case. 
The Pasierbiec beds and the Lower Krosno 
beds in the Main trough are transverse and 
show wedging. This may indicate turbidity 
currents of smaller volume than those that ran 


Sea level 


FiguRE 9.—D1IAGRAMS ILLUSTRATING CURRENT DIRECTIONS AND Bottom SLOPES IN FLyscH TROUGHS 
Case A of lateral supply and case B of longitudinal supply. Both appear to occur and are indicated by 


is evidencd onbined paleogeographic and sedimentological evidence. However, in some units dominantly longitudinal 
had beeijamnts are measured, although paleogeography favors lateral supply. C. True-scale diagram of a normal 


fyxh trough. 


m. the side 
lope shoul] I the situation shown in Figure 9, A is 
their loai§tuslated to normal scale for a flysch trough 
cessive de (fg. 9, C) one realizes better how improbable 
rse. slope ti Sthe postulate of dominantly transverse cur- 
tion is thet, where sole markings show almost ex- 
.d oblique sively longitudinal directions. 
ing to thd (7) A further difficulty is connected with the 
shaped angst of the individual beds. If a current is to 
in fluting#tth the opposite side of a trough floor a few 
‘ral parts gen kilometers broad, then turn downslope 
from highe#d continue for an even greater distance along 
pposite sidfit trough, its deposit must cover an area of 
s transver#ly hundreds of square kilometers. The vol- 
n the trougg@’M of many such beds must be of the order of 
in eviden## %.km. If small streams and coastal erosion 
vay from #4ply the flysch sediment, it is hard to imagine 
, from ti#Vsuch enormous volumes can be set in mo- 
e directiomf to form a single turbidity current. Smaller 
> side longfts would form either very thin beds or thick 
The Krosip*s ona small area. The opposite side of the 


longitudinally. If the current view is correct 
and a single delta is being formed reaching into 
deeper water, then an occasional slide might set 
a large volume of sediment in motion. 

(8) The horizontal grading of beds showing 
transverse current directions can be accounted 
for more satisfactorily by the current view. The 
volume of turbidity currents coming down 
lateral slopes must be small compared to the 
main longitudinal currents. These small cur- 
rents will not reach far, and their deposit will 
show distinct decrease in grain size away from 
their source, especially if they contain coarse 
sand and gravel. If longitudinal currents have 
developed from lateral ones they should behave 
the same way, but actually they produce very 
little horizontal grading. 

(9) For the paleogeographic view a Silesian 
Cordillera is assumed situated between the 
western parts of the Main and Magura troughs. 
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It provided the sediment for the Godula and 
for the Krosno beds in the north but also for 
a part of the Inoceramian and for most of the 
Magura sandstone to the south. This island 
and the southern slope of the Main trough have 
since been covered by the Magura nappe com- 
posed of the central part of the Magura trough, 
and the northern slope of the latter has also 
been eroded. 

» ‘A difficulty arises when the total volume of 
sediment is compared to the size of this island. 
About 1500 m in the north and 2000 m in the 
south cover a combined area 5 or 6 times that 
of the island in Figure 4. This would mean 
10,000 m of denudation. Because feldspar and 
gravel are not abundant in the turbidites this 
sediment cannot have been derived from base- 
ment rocks but must all have been available as 
friable sandstone and unconsolidated shale, 
presumably Carboniferous. The island must be 
twice or three times the area shown in Figure 4. 

In this manner one is forced to assume a 
central massif 50 km wide and a later over- 
thrusting of that amount, plus the proven over- 
thrust of 25 km, which is entirely flysch over 
flysch. There is hardly space below the Magura 
nappe to accommodate this hypothetical land. 

For the current view the difficulty is greatly 
reduced because not much more than 600 m of 
Krosno beds in the Main trough need be at- 
tributed to the island between the troughs. 

(10) In a recent paper Kuenen (1957b) 
pointed out that in the past it was an axiomatic 
assumption that detrital sediment in geosyn- 
clinal troughs had been carried in from the side 
provided by a rising geanticline undergoing 
denudation. According to recent sedimentologi- 
cal work at sea, islands like Trinidad and 
Tobago have remarkably little influence on the 
sediment accumulating in their surroundings. 
An island of only a few thousand square kilo- 
meters probably could not produce a rapid 
supply of sand during a long period. Only gravel 
and boulders might be delivered to the sub- 
marine slopes in profusion. It is reasonable that 
a powerful and pro’onged supply of sand must 
be attributed in most cases to weathering of a 
wide area of subdued relief and that large rivers 
draining this surface bring the sand to the sea. 
However, rivers can easily be barred from en- 
tering a geosynclinal trough laterally by the 
flanking geanticlines. Hence they tend to reach 
in from the ends. Kuenen compared this picture 
to present-day land-locked trenches and found 
that supply from the end is the rule. In cases 
where a river managed to reach a trough in the 
middle the sediment should travel longitudi- 
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nally in opposite directions toward the ends of 
the geosyncline. 

This reasoning indicates a construction ip 
which sand and clay tend to be supplied at the 
end of a trough. The longitudinal flow found 
commonly in flysch sediments can thus be 
satisfactorily accounted for. Before the concept 
of turbidity flow had provided an explanation 
for transportation of detrital sediment for long 
distances on submarine slopes the suggested 
paleogeographic picture could not have been 
entertained. 

It would be premature to assess the value of 
these arguments favoring the current view and 
to weigh them against the opposing paleogeo- 
graphic evidence. A large body of data still has 
to be gathered by continuing the present re- 
search, and these investigations should also be 
extended to adjoining parts of the Carpathian 
Mountains. 

The same controversial problem is encoun- 
tered in many other geosynclines with turbidite 
formations. In each case there are differences 
according to local circumstances, but resuits 
obtained in one area should prove useful to 


understanding the paleogeography of others.§ iy, 
Kuenen (1958) reviewed some general aspects} }, 


of this topic. 


TURBIDITY CURRENTS 


Introductory Remark 


The problems reviewed here concerning} . 


turbidity currents and their deposits pertait 
not only to the Carpathian Mountains but to 
all basins containing resedimented deposits 
but the data gathered in Poland are here usei 
to throw light on these topics. 


Upper Margin of Graded Beds 


The impression gained by Kuenen from the 


examination of many turbidite formations 5} ; 


that most graded beds end upward more or les 
abruptly in sand or silt sizes and are sharply 
marked off from the overlying pelagic clay « 
marl. Dzulynski and Ksiazkiewicz, howevet 
found a gradual transition in many places, 
Ksiazkiewicz noticed in some cases that 4 
turbidite is covered by barren clay a few cent 


meters thick, even in localities where therg >" 


follows a stratum relatively rich in pelagic 4 
benthonic Foraminifera. This indicates that th 
lower part was deposited much more rapidi 
than the upper, truly pelagic part. This obse! 
vation should be held in mind when collecting 
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ssils, because the shales of most turbidite 
wigs are extremely poor in organic remains. 

Observations in the Krosno beds reveal 
geral types of transition from sandstone to 
the overlying shale. 

(1) If current bedding occurs in the upper 
prt of the bed, the dip of foreset laminae may 
decrease gradually upward until it passes into 
foe horizontal lamination, which becomes finer 
ys grain size decreases in each subsequent 
mina. The lamination disappears imper- 
uptibly into the pure shale. 

(2) In cases where the upper part of the bed 
tows lamination but no current bedding the 
ane relation to the overlying shale may occur. 

(3) The third type of transition results from 
imple and gradual decrease in grain size of sand 
ad silt particles, and the sandstone merges 
it the pure shale. This case presents the ideal 
ype of graded bedding. The existence of such 
iontinuous transition from sandstone to shale 
tas been described from the Carpathian flysch 
by Ksiazkiewicz (1954). 

() In very poorly graded or nongraded 
andstones composed of grains of approximately 
ewal size the transition may be accomplished 
iycontinuous increase of clayey matter, and the 
andstone passes gradually into pure shale. 

Sandy mud flows in the Passage beds pass 
wntinuously into the pure shale in the manner 
decribed above. (See Dzulynski, Radomski, 
and Slaczka, 1957.) 

Radomski found in the Podhale flysch that 
ithe transition from sandstone to shale is 
mitinuous the lower part of the latter contains 
agular grains of sand identical to those in the 
sadstone layer, whereas in the upper part of 
theshale a few well-rounded grains occur. The 
liter seem to be derived from beach dunes and 
wee carried to sea by wind. The part of the 
tule in which these well-rounded grains occur 
my be considered a true pelagic deposit. 
The scarcity of hieroglyphs on the top sur- 
les may also be attributed to a comparatively 
mid covering of recently deposited sand by 
tty (Dzulynski and Kinle, 1957). 

The cases described above indicate that in 
may instances the lower part of shales do not 
‘resent true pelagic sediments but resulted 
tom slow dilute turbidity currents, as was sug- 
ested by Crowell (1955). However, the depo- 
‘lon of a few centimeters of clay from a 
bidity current is difficult to account for at 
fist sight, 


A current sufficiently slow to deposit clay 


hen collecting ould be very dilute, and in that case only an 
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extremely small thickness could be deposited 
from it. 

A very rough estimate for the maximum 
thickness of dispersed clay that could be de- 
posited by a current on top of the silty part 
can be made as follows. Assuming that the 
floccules settle at a rate of 0.006 cm per second 
(equivalent to quartz spheres of 0.01 mm di- 
ameter) in the salt water, and that the upward 
component of turbulence is 10 per cent of the 
horizontal velocity, then these floccules would 
be significantly retarded in settling when carried 
in a current flowing faster than 0.06 cm per 
second at the bottom, or 0.2 cm per second as 
an average. To be on the safe side it is assumed 
that 1 cm per second or 5 times this velocity is 
the maximum at which some deposition can 
still take place. At higher speeds all such floc- 
culated clay is kept in suspension. Taking the 
bottom slope as 14999 and the hydraulic mean 
depths as 110 cm the density follows from the 
formula (see Kuenen, 1952): 


velocity = C X hmd 
= @ x x 110 
1000 
d = 0.000 056. 


In this current, which is 214 m thick, there 
should be about 0.014 gr of clay above each 
square centimeter of bottom area. Only an 
imperceptible film of clay could be deposited 
from so dilute a cloud. Hence, probably any 
measurable thickness of clay deposited by a 
turbidity current, other than that caught be- 
tween larger grains, must be accounted for by 
some other mode of deposition. 

It may be inferred that beds ending upward 
in sand or silt sizes were deposited from cur- 
rents that have tails containing small amounts 
of fine clay. This load caused a velocity too 
high for clay to be deposited. 

For the beds passing upward into lutite with 
or without an admixture of silt or fine sand two 
possible explanations can be offered. One is 
that the turbidity current became ponded in 
the lowest part of the basin and that the bed 
was deposited below the surface of the mud 
cloud. If this is the case the thicker beds, pre- 
sumably deposited by larger currents forming 
deeper ponds, should show a more pronounced 
tendency to grade up into the lutite than the 
thin beds. At a given locality the beds may 
have been deposited below the level of ponding 
for voluminous currents but above the level and 
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therefore outside the area of a stagnant cloud 
produced by a minor flow. 

Significant evidence on this problem is given 
by the regional distribution of formation thick- 
nesses. The Godula beds in the western part of 
the Silesian Carpathian Mountains are 2000 m 
thick and contain about 1000 m of shale. Cur- 
rent directions show that transportation came 
from the west and continued eastward as far as 
turbidites are found. In the eastern part of the 
western Carpathian Mountains between Wado- 
wice and Myslenice, the thickness is 700 m, and 
in the middle Carpathian Mountains in the 
Jasto area some turbidites occur, but their 
thickness is only 300 m with the same sand/ 
shale ratio. East of Jasto only a few meters of 
red shales represents the same length of time. 
These red shales were probably deposited above 
the level of ponded currents and may be equated 
with the red clay discovered in the present 
Atlantic Ocean on hills emerging from abyssal 
plains of calcareous silts. 

But the gradual downcurrent dwindling of 
the total thickness of shale in the Godula beds is 
strong evidence against a significant ponding of 
clay clouds at the far end. 

The same conclusion can be drawn from the 
Istebna beds. In the western Silesian Carpa- 
thian Mountains these rocks are 1500 m thick, 
of which 20 per cent or 300 m is shales. In the 
Wadowice area 1000 m contains 20-25 per cent 
(= 250 m) shale. In the Krosno area the thick- 
ness is 500 m, west of Sanok 70 m with 50 per 
cent shale (= 35 m), and farther east about 25 
m of red marls. 

The absence of significant ponding in these 
formations does not prove that it has never 
played a part. During deposition of other units 
the currents may have succeeded in carrying 
larger amounts of turbid water to the lower 
ends of slopes because these slopes were smaller. 

The thickness of the red shales and of the 
truly pelagic clay in distal parts of the basins 
is less than that of the pelagic part of the shales 
found closer to the origin of the currents. This 
shows that the clay reaching the bottom by 
diffusion and transportation in higher levels 
decreases in amount away from the source of 
the sand. One can easily imagine a delta con- 
tributing both sand and clay to the basin. This 
type of distribution implies that the basin 
waters were not stirred by powerful circulating 
currents and suggests poor ventilation of bot- 
tom waters. The scarcity of benthonic fossils 
could be accounted for in the same way. 

Closer inspection of the shales between the 
turbidites in many cases reveals some lamina- 
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tion. This structure could be the result of 
occasional dilute, slow turbidity currents carry- 
ing and depositing fine silt and flocculated cay, 

If ponding had only a very restricted infly. 
ence on the deposition of clay in some units, 
another explanation is required for the shaly 
top of their turbidite beds. The most probable 
explanation is that a certain amount of clay is 
carried in the form of faecal and pseudofaeral 
pellets and as small chips and crumbs derived 
from unconsolidated and slightly compacted 
clay beds. Such pieces could settle from a much 
faster—that is to say a much more heavily 
loaded—current than minute floccules. De. 
pending on their size and density these particles 
would be deposited with sand, or silt, or after- 
wards from the tail of the current. Their 
originally granular nature would not show up 
after the later compaction. 


Suspended Currents 


Dzulynski and Radomski (1955) suggested 
that turbidity currents may lose contact with 
the bottom on a slope and continue “in suspen- 
sion’. In normal marine waters such a current 
would have to be extremely dilute and unable 
to carry anything but the finest clay. However, 
in a basin that contains fresh or brackish water 
at the surface and high salinity at depths some- 
what more favorable conditions prevail. But as 
the interface between stagnant water masses 0 
differing density is horizontal, there is no slope 
to drive a turbidity current spreading out be 
tween them. Hence, the velocity will be ver 
small and the carrying power insignificant. 


Convolute Lamination 


Possibly convolute lamination is partly due 
to sliding. The occurrence of these structure 
with the anticlines removed and an uppét, 
separately convoluted stratum replacing them, 
could be accounted for in this manner. The 
downcurrent overturning of the anticlinal crests 
also suggests slip after deposition. But there art 
serious objections to this view as a genef 
explanation of convolute bedding. In exper: 
mental currents the deposit is at maximut 
mobility while being built up; waves run along 
the surface of the newly forming bed. In thi 
course of a minute or less, compaction causé 
the bed to contract to half its thickness, al 
the hydroplasticity is gradually much reduce 
even while the tail of the current is still sweep 
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nility diminish, it is illogical to suppose that 
stendency to slide will increase. Hence, sliding 
silnot affect a bed after it has been laid down 
{no abnormal circumstance acts as a trigger. 
Then if sliding were to set in when the deposi- 
tin is complete, for instance in consequence of 
neatthquake, the movement should not stop 
win after a slight displacement but should 
qitinue until a true, normal slump had de- 
veloped. 

However, the strong downcurrent overturn- 
ig of convolute anticlines in many beds may 
iedue to the combined action of current drag, 
mvity, and wandering of ripple crests with the 
current. 

Kuenen (1953b) attributed convolute lami- 
ution to deformation of the extremely hydro- 
istic deposit im statu nascendi, seeking the 
min cause in hydrodynamic pressures during 
rppling. A test of this explanation is that the 
ament velocity belonging to rippling (between 
) and 30 cm/sec.) should fit grain sizes in 
cnvoluted beds. According to ten Haaf’s (1956) 
measurement, the larger grains in most con- 
vuted beds are between 0.1 and 0.06 mm. 
(uartz grains of these sizes sink at 1 and 0.3 
m/sec. respectively. These should tend to drop 
ut gradually from currents 50-100 times as 
fst, because the upward component of turbu- 
nce is a tenth of the horizontal velocity. Both 
vues decrease just along the bottom. This 
gives 50-100 cm/sec. for the larger size and 
1-30 cm/sec. for the smaller, in good agree- 
nent with rippling velocities. 

Dulynski and Slaczka (1958) observed the 
flowing relation between convolute structures 
ad current bedding in the Krosno beds. As 
hs been found elsewhere, certain beds with 
volute structures display in their lower 
parts current bedding which in many cases is 
wdeformed or only slighuly disturbed by con- 


| lutions. This lamination shows through on 
4 thesoles of such sandstones in the Krosno beds 


# that they display a curious pattern, just 
vsible in oblique lighting, composed of parallel 
bands of crescentic zigzags, all with the con- 


| Yaity facing upcurrent!, as proved by other 
| urtent indicators (Fig. 12). Such an arrange- 


ment suggests that first barchanlike (= cres- 
centic) ripples developed on the muddy bottom. 


In the The depressions between the crests of these 
- cause dunes tend to coincide with broad synclines of 
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‘Similar structures were found by Wood and 
Smith (1958, p. 169) in the Aberystwyth 
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“wings” of closely pressed barchans coincide 
with narrow anticlines. 

In sections that have incipient convolutions 
these “wings” and the crests of the barchanlike 
structures are inclined toward the depressions. 

In rare places where ripple marks are found 
on the top surfaces of the sandstone beds they 
do not resemble barchans. Their convex sides 
are directed downcurrent as in linguoid ripples. 
This is also the shape of ripple marks developed 
on marls which have left their counterparts on 
the soles of some sandstones—a rare phenom- 
enon. 


Doubtful Turbidites 


In studying well-exposed sedimentary forma- 
tions there is generally no great difficulty in 
deciding whether or not one is dealing with 
turbidites. One may find the combination of a 
thick series consisting of a regularly stratified 
alternation of clay or marl with graded granu- 
lar beds of dark sandstones (graywackes) or 
calcarenites, abundant current sole markings, 
organic hieroglyphs, current-ripple lamination 
and convolute lamination, slump structures, 
clay pebbles, load casts, a scarcity of benthonic 
fossils, and no influence of surface phenomena. 
This is evidently a resedimented formation de- 
posited in quiet deep water. In other places, 
since all the typical features are missing 
turbidity-current action did not take place. 
Even where only one or two of the character- 
istics of resedimentation are found it is usually 
obvious that the environment was shallow and 
that transport was by superficial forces. How- 
ever, many of the formations do not present 
such clear evidence. 

For instance, thick series of shales or marls 
regularly alternate with limestones or marly 
limestones and show faunistic evidence of 
pelagic origin but lack all features associated 
with the action of turbidity currents. In these 
cases chemical precipitation is indicated. The 
same may be suggested for aphanitic limestones 
intercalated between normal sandy flysch rocks. 

In most turbidite formations a few conglom- 
erates are found; some are sandy, but most 
show shaly matrices containing pebbles or 
boulders which are not in direct contact with 
each other. These can be confidently attributed 
to slides. In the Polish Carpathian Mountains 
they can be traced in the direction of move- 
ment for 30 km at least—the Babice conglom- 
erates, for instance. Although the thickness 
diminishes the boulder size undergoes only 
slight reduction over this distance. In the Kulm 
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of central Germany (Edertal) obvious slide 
conglomerates pass laterally into coarse-graded 
beds that decrease in thickness and grain size 
as they are traced away from the source. In 
this latter case the slides appear to have 
generated powerful turbidity currents. 

A more difficult case is presented by the 
Flézleeres of Sauerland. Since an earlier visit 
(Kuenen and Sanders, 1956) Kuenen has had 
opportunity for some additional observations 
and discussion in the field with several col- 
leagues. However, the following remarks are 
merely tentative. 

The lower part of this graywacke-shale for- 
mation shows much graded bedding, and the 
finer-grained parts of the beds show horizontal 
lamination. Although features indicative of 
current directions are scarce, nothing indicates 
the irregular deposition characteristic of tidal 
and coastal waters. But at higher levels in the 
sequence one is less and less reminded of typical 
turbidites. The bedding becomes less regular, 
and there are slump structures and local ero- 
sional gaps, either washouts or slideouts. The 
shale is more sandy, and at some exposures 
coarse-grained sands occur in very thin beds 
or as separated ripple crests on a lamination 
plane in the shale. Stili higher the autoch- 
thonous productive Carboniferous begins. This 
transition appears to take place over a wide 
area more or less simultaneously. Hence, one 
can suggest as a working hypothesis that a 
wide basin was gradually filled up to sea level. 
Turbidity flow formed the main mechanism of 
transport, but bottom slopes were too slight to 
produce full-fledged turbidity currents. 

A different type of sedimentation is en- 
countered amidst normal turbidites in many 
places. In this type the grain size is large, and 
the beds tend to be less muddy. The bedding is 
thick and rather irregular, and the shales be- 
tween are silty to sandy and thin or even absent. 
Current sole markings are scarce, load casting 
is more common, and coarse current bedding of 
somewhat variable direction is encountered. 
Indications of slumping are found, and grading 
is absent, repetitive, irregular, or even inverted, 
and irregular lenses of coarser grain occur in a 
few places inside the beds. These sandstones 
may occur as large lenses between normal flysch 
or shales. In other cases the material or the 
direction of supply contrast with those of the 
normal surrounding flysch of the same age. 

Because characteristics of deposition from 
turbidity currents appear to be mixed with 
evidence for sliding, we propose to call this 
kind of bed a “fluxoturbidite”. As with the 
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term turbidite it is intended as a short way to 
express what kind of origin the author assumes 
(as eolianite, tillite). In case of doubt one can 
use a petrographic description. 

These abnormal properties appear to indi. 
cate: (1) a powerful supply forming thick beds 
and leaving no time for the accumulation of 
clay, and/or (2) a steep slope producing slides 
and not allowing the deposition of mud but 
only of sandy or silty clays, (3) a short distance 
to the origin, so that the material was not 
spread out into thin beds covering wide areas, 
coarse material had not been dropped on the 
way, and turbidity currents had not succeeded 
in sorting the materials to produce regular 
grading, (4) instead of the usual longitudinal 
supply this material can have been introduced 
from the side. 

In some cases all these conditions may have 
been combined; in others either one or the 
other may have predominated. Hence, the ab- 
normal features also vary in distinctness from 
case to case. In some instances most features 
are normal, and only one or two of the unusual 
characteristics occur. 

We suggest that the cause for this abnormal 
type of flysch can be either a deepening of the 
basin and steepening of the slope, or a quicken- 
ing of the supply, or a change in position of the 
supply, for instance the building of a new delta. 

But whatever the cause, the mode of trans 
port has changed. Instead of a well-mixed 
turbulent turbidity current carrying almost the 
entire load in suspension, one can imagine a 
turbidity current in which most of the sand 
and gravel moves in a watery slide along the 
base. The current is too poor in clay to rais 
this load in suspension, and the slope is to 
steep for the load to come to rest until it has 
spread out in a layer. 

A true turbidity current can be likened to2 
dry avalanche, and a normal slump is the 
equivalent of a wet avalanche remaining 
contact with the ground. We believe that a 
intermediate type of movement is also possibl 
and suggest that the resulting deposit be called 
a fluxoturbidite. 


Glauconite in Turbidites 


Kuenen was kindly shown exposures of the 
Cretaceous flysch of the Lainbach in Bavatls 
by Doctor Zeil who is mapping this area ane 
wishes to reserve his opinion on the nature 
these rocks. For geologists who have accepted 
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wilt up mainly of typical turbidites. Within 
this flysch there occur a few quartzitic beds up 
tyabout 1 meter thick that have 20 per cent 
dauuconite and hardly any clay. As they show 
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argument against resedimentation by turbidity 
currents. Moreover, low percentages of clay 
characterize many other obvious turbidites. 
Thus the features of the Bavarian glauconite 


Ficure 10.—THREE SOLES WITH Prop Casts 
A—Lower Menilite beds; B and C—Beloweza beds 


gaded bedding, flute casts, load casts, convo- 
lite lamination, and regular bedding alternating 
with green shale there is a strong case for con- 
sidering them turbidites. The scarcity of clay 
aid the high percentage of glauconite can be 
interpreted as evidence for shallow water and 
winnowing action. Possibly the glauconite is 
secondary. 

Glauconite in the Pasierbiec and Submagura 
beds described above is undoubtedly a resedi- 
mented constituent of typical turbidites, be- 
cause Ksiazkiewicz (1954a, p. 443) noted that 
the glauconite is graded and that its size is 
toughly similar to that of the surrounding 
quartz grains. It is even adapted to the hori- 
wntal grading noted in the Pasierbiec sand- 
stone beds. 

As the percentage of glauconite is no less 
than 12, it follows that under favorable circum- 
stances a turbidity current can become charged 
with a significant admixture of this mineral. 


estion i| Although the percentage in the Bavarian rocks 
i's even higher this can no longer be used as 
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beds do not argue against their being turbidites; 
it would be extremely difficult to account for 
the emplacement by any other mechanism. 
Here, as in most cases, no exact figure for the 
depth can be given other than that the environ- 
ment was below the reach of wave action and 
tidal or wind-generated currents. 


Sole Markings 


GROOVE CASTS: Dzulynski and Radomski 
(1955) illustrated markings which they attrib- 
uted to chunks of mud being cast against the 
bottom by turbidity currents. Kuenen (1957a) 
later took partial exception to this explanation. 
The comparatively steep, short scarplets shown 
in some instances, are evidently due to small 
faults. The mud pebbles found at their base 
have presumably been caught in the shelter 
thus provided and were the result, not the 
cause, of the grooving. The part played by mud 
pebbles in scratching the bottom is probably 
greater than Kuenen allowed. Possibly more 
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compacted, firmer clay beds have been torn up 
and incorporated in turbidity currents in cer- 
tain areas. The higher density would allow such 
pieces to hit the bottom more easily than soft, 


Ficure 11.—Bounce Cast witu Cast OF A SMALL PLATEAU AT THE DOWNCURRENT END 
Krosno beds, Rymanov 


low-density mud pebbles. Moreover, the firmer 
consistency would allow them to retain jagged 
edges that would scratch the bottom more 
efficiently than could a soft piece of mud. We 
suggest that much flysch is derived from the 
resedimentation of earlier flysch only partly 
consolidated when it was raised and attacked 
by erosion and slumping. 

Vassoevich (1953) explained groovings as due 
to sliding of deposited sandstone layers over the 
muddy bottom and proposed the term “olisto- 
glyphs” for the structures discussed. Later 
Kuenen (1957a) described this mechanism from 
experimental slumps. 

Slide marks described by Kuenen from soles 
may also occur within the sandstone beds, pro- 
vided these latter are composed of two or more 
distinct layers of sand deposited one upon 
another without shale intercalation. Such slide 
marks undoubtedly of sedimentary origin have 
been found in the Krosno beds and seem to be a 
common feature within some _ thick-bedded, 
composite sandstones. 

In a recent paper, Kuenen (1957a) listed a 
number of sole markings found in many places 
in turbidite series. A few additional types, one 
of which is very common in the Carpathian 
Mountains and probably also elsewhere, are 
added here: 

(1) PRop casts: Prod casts, a common kind 
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of sole marking, consist of short ridges, parallel 
to the current, which deepen gradually down. 
current and end abruptly; in many cases the 
ridges curve slightly sideways at the down- 


current end (Fig. 10). Other prod casts look as 
if they had fallen over sideways, when held 
with the sole upward. Obviously, however, the 
filled-in hollow cannot have “fallen” upward. 
The length ranges between a few millimeters 
and 20 cm. Width and depth are seldom more 
than 1 cm. Most show parallel striation. They 
look much like the upcurrent halves of short 
groove casts. The ridge is a casting of a groove, 
evidently produced by an object prodding into 
the soft bottom as it was borne along by the 
current and then wrenched out again. Therefore} 
the name prod cast is suggested. Presumably 
the object was oblong and turned over length- 
wise or veered around as resistance increased of 
toppled sideways cutting an oblique furrow 
like a plough. The object may have been # 
stick, a fragment of shale, or fish bone, o 
something similar. In most cases the impacto! 
has disappeared downcurrent, but in raft 
instances a hard object is found in the end 


such a ridge. This need not be the impacto 
itself, for some foreign object could have beet 
caught in such a groove. ; 
(2) BouNCE casts: From the Carpath' 
flysch Dzulynski and Radomski (1955) de 
scribed rather small ridges, on the soles 0 
sandstones, ranging up to 5 cm in length and 
somewhat less in width and running parallel t 
the current direction. Wood and Smith (per 
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the bottom many times. We suggest the name 
“skip cast”. The size of these casts is greater in 
some cases than that of normal bounce or prod 
casts. They tend to show crescentic depressions. 


END 
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ad rebounding, leaving behind a_ shallow 
goove fading out gradually at both ends. 
longer bounce casts and short groove casts are 
very similar. 

Bounce casts, which fade out gradually at 
both ends, give only a current lineation. Prod 
casts provide good current indicators because of 
the deep downcurrent end. However, they must 
not be confused with flute casts that have the 
deep end upcurrent. 

A special type of bounce cast is those that 
have a crescentic depression at one end. This 
depression is a counterpart of a small arcuate 
cacveneilll ridge produced by objects brushing against the 
que furror bottom and heaping the mud in front of them. 
ave been § The crescentic ridge (depression on the soles of 
h bone, of sandstones) is developed in the place where the 
he impactot object touching the bottom was lifted again 
ut in mam and carried away by the current. 
the end of Mery rare cases the impact caused a cres- 
+ impactor “ttic fault in the mud running around the 
1 have beet) "current end at a small distance. It divided 

a plateau with the bounce mark raised 1 mm 

Carpathiay a the unaffected surface. In the cast it 

(1955) d orms a depressed area (Fig. 11). 
he soles oi 3) skip casts: A third kind of marking 
-Jength ané shows a linear arrangement like a dashed line 
g parallel te i some instances in a long series. This suggests 
Smith (per t the object carried by the current touched 


Current 


Ficure 12.—Sxrp Cast AND Prop Cast AT THE Bottom 


The alternate shapes of the skip cast are alike, and the moving object was evidently turning over and 
wer as it went along Krosno beds, Rudowka Rymanowska. 


In the Krosno beds many skip casts usually 
4-10 cm in length have been found. Possibly 
the moving object was a tree trunk or some 
other plant remains. 

Some instances of skip casts may have been 
produced by fishes. They resemble tracks which 
are attributed to fishes brushing against the 
bottom. (See Abel, 1935, p. 192, Fig. 165.) In 
most cases the inorganic origin of the casts 
discussed is beyond doubt. The arrangement of 
these marks is consistent with other current 
structures; the casts (Fig. 12) are good current 
indicators and have been used for this purpose 
in the Krosno beds by Dzulynski and Slaczka 
(1958). 

(4) CRESCENTIC FLUTE CASTS AROUND SHALE 
PEBBLES: Rich (1950) remarked on the occur- 
rence among the Silurian sole markings at 
Aberystwyth of crescentic flutings. Polish ge- 
ologists have discovered several cases in which 
a shale pebble remains to show that the origin 
was correctly inferred by Rich. 
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CHEMISTRY OF GRANOPHYRES FROM WICHITA 
LOPOLITH, OKLAHOMA 


By WARREN HAMILTON 


The Wichita Mountains of southwestern 
(klahoma expose the upper part of a large 
ipolith of late Precambrian or Early Cambrian 
ye. A thick sheet of many masses of red grano- 
tyre and allied granite and rhyolite overlies 
abbro and anorthosite; the red rocks dominate 
the present exposures. A summary of the field 
rations and petrography of the Wichita rocks 
ius been published (Hamilton, 1956). 

The red rocks of the Wichita lopolith are 
dominantly granophyres, composed of micro- 


‘| gaphically intergrown quartz and microper- 
tite. Albite, 


biotite, hornblende, augite, 
dlorite, and magnetite are present in generally 
ninor amounts. Subordinate to the granophyres 
we granites and rhyolites that have the same 
iistinctive mineralogy and have widespread 
mnophyric facies; rocks texturally inter- 
nediate between the three types are wide- 
gread, and granites, granophyres, and rhyolites 
ue presumably identical chemically. 

For new analyses of Wichita granophyres are 
gven in Table 1, together with three analyses 
published previously. Three of the new analyses 
ae of very leucocratic granophyres, with less 
tan 1-2 per cent of accessory minerals, and the 
furth has about 5 per cent of accessory min- 
eas. (Most of the Wichita granophyres are 
kucocratic, but no analyses were made of the 
mks with a higher content of accessory min- 


The silicic rocks of the Wichita lopolith are 
stongly alkaline. Relative to calc-alkaline 
tks, they are low in Al,O; and CaO and high 
iiton. The molecular proportion of AlsOs3 is 
about equal to or is less than the total of CaO 
ad alkalis. In only one analysis (Table 1, 
til 7) is AlO3 less than the sum of K,O and 
Na, and the alkalis in this old analysis by 
Riitchild look suspiciously high—but uncom- 
Mon granophyres in the Wichita Mountains, 
wot included in these analyses, carry aegirine 
 tiebeckite, and such rocks are clearly per- 
alkaline, 

Microperthite is the sole feldspar in some of 
¢ Wichita Mountain rocks, but generally it is 


accompanied by a little albite in discrete 
crystals. The albite is microantiperthitic in some 
rocks. So pervasively cloude! is the feldspar 
that optical identification is difficult, and in 
one analyzed specimen even the distinction 
between albite and microperthite could not be 
made for many grains. The bulk compositions 
of the feldspars were calculated by subtracting 
assumed compositions of the modal accessory 
minerals from the analyses. The resulting 
calculated feldspars are listed in Table 1 and 
plotted in Figure 1; as the rocks are leucocratic, 
errors in assumed accessory-mineral composi- 
tions could have little effect on these values. 
The microperthites carry subequal amounts of 
albite and orthoclase, and at most a few per 
cent of anorthite. Three of the four specimens 
analyzed have surpluses of about half a per 
cent each of FeO; and of Al,O3 remaining after 
this calculation of feldspar and modal acces- 
sories. 

Burwell (1956, p. 18) listed seven similar 
analyses of feldspar from granophyres and 
granites of the Wichita Mountains, and the 
average of these is given in Table 2. He did not 
describe methods of separation or mineralogic 
character of the feldspars, but the subequal 
Or and Ab and the minor An are clearly indi- 
cated. The calculated surpluses of Fe.O3; and 
Al,O3 are comparable to those of Table 1. 

Although now unmixed in most specimens, 
the bulk composition of the microperthite 
suggests initial crystallization in the tolerant 
sanidine lattice. MacKenzie and Smith (1956) 
found sanidine cryptoperthite in a number of 
granophyres, and Smith, MacKenzie, and 
Emeleus (1957) reported all intermediate forms 
in the unmixing reactions sanidine — two 
sanidines (or sanidine plus anorthoclase) — 
orthoclase-(low) sodic plagioclase — microcline- 
sodic plagioclase perthite. They believe that the 
degree of exsolution and reformation reflects 
primarily the slowness of cooling. 

The feldspars are pink to brownish red, 
clouded by clay(?) and specks of hematite. 
Examples of the specific distribution of clouding 
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TABLE 1.—CHEMICAL AND MINERALOGIC COMPOSITION OF GRANOPHYRES FROM 
Wicuita LopoLitH, OKLAHOMA 
| 5 
av. 
1 2 3 4 ‘ins hall 6 7 8 1-8 
Major-Element Analyses (Weight per cent) 
SiO». | 77.58 | 71.72 77.24 | 76.52 | 75.8 73.61 74.14/76.79)75.4 
Al.O; 11.75 | 12.54 11.82 | 12.10 | 12.1 11.97. 12 .97|12.35}12.2 
Fe,0; .90 2.63 1.3% .99 4.5 2.34 1.07} 0.90) 1.5 
FeO .07 1.51 iy 45 as 1.51 1.20) 0.43! 0.8 
MgO .06 .53 .14 2 .19 tr. | 0.03) 0.15 
CaO .29 1.25 1.38 0.51) 0.6 
Na,O 3.34 3.87 3.43 3.60 3.6 3.76 4.61) 4.23] 3.9 
K,O 5.32 4.24 5.16 5.03 4.9 4.32 5.30) 4.31] 4.8 
H.O— .07 21 .06 .07 1 .32 0.04) 0.1 
.20 35 .14 .35 19} 0.15) 0.2 
TiO: .14 49 15 .14 46 0.08) 0.2 
CO. .03 04 .02 .03 .03 — | 0.8 
P.O; 09 .02 .02 .03 15 tr. | 0.00) 0.04 
MnO 10 .03 .03 .04 .09 0.01) 0.04 
99.77 | 99.57 99.79 | 99.63 100.51 100. 36,99.83 
Minor-Element Analyses (Weight per cent) 
with 

Ba 0.007 | 0.15 0.07 0.07 0.04 (BaO) 
Be .0007 0003 .0003 0003| 0.0006 .......... 
Ce .03 03 .03 .03 03 
Co < .0005 0005 | <.0005) <.0005| <.0005 
Cr .0001 00015 0001 .0001 0001 
Cu .0003 0007 0003 .0007 0005 
Ga .003 0015 0015 003 002 
La .015 015 015 .015 015 
Mo < .0005 0005 | <.0005) <.0005| <.0005 
Nb .007 007 007 .007 007 
Nd .015 015 015 .015 015 
Pb .0015 0015 0015 -0015 0015 
Sc < .0005 0007 | <.0005} <.0005) <.0005 
Sn <.001 001 0015) <.001 | 001? 
Sr .0003 015 .0015 .0015 .005 | 0.02 (SrO) 
Vv <.001 001 <.001 | <.001 | <.001 
¥ .007 007 .007 007 .007 
Yb .0015 0015 0007 0007) 001 
Zr .03 07 03 015 | 03 


(Table continued on page 1122) 
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Columns 1-4, new analyses by V. C. Smith, 
gpervised by Lee C. Peck (major oxides); and by 
1C. Hamilton (minor elements), both of U. S. 
geological Survey, Denver, 1958. Minor elements 
wtlisted are present only in amounts below thresh- 
ij sensitivity of semiquantitative spectrographic 
malyses, which are made by the rapid visual-com- 
urison method; the same logarithmic-third class 
tervals would probably be assigned in about 60 
yrcent of the cases by quantitative methods. 

“1, Pale-red (10 R 6/3) granophyre, with .5-1 
am bipyramids of quartz and a few phenocrysts of 
ricoperthite in finely micrographic quartz and 
sicoperthite. The orthoclase phase of the micro- 
yrthite is uniformly darkly cloudy. Quartz is clear 


“| adunstrained; micrographic elements are rods from 


01 mm to 0.5 mm in diameter. The 0.5-mm 
ahedra of fluorite are intergrown with leucoxene 
ad magnetite, the latter considerably altered to 
yematite. Hilltop outcrop 2.35 miles N. 25° E. 
iom highway intersection at southwest corner of 
Cache; for photomicrograph, see Hamilton (1956, 
PL. 1, fig. 5). Bulk specific gravity 2.54. Field no. 
WM-1; lab. no. D-1510. 

2. Pale reddish-brown (10 R 5/4) granophyre, 
vith big (to 5 mm) euhedral phenocrysts of micro- 
yrthite and albite in a groundmass that is partly 
wlitic and partly micrographic. Little quartz is 
‘parent without use of a hand lens. Most of the 
tldspar of both phenocrysts and micropegmatite is 
datkly clouded, but much is only partly clouded; 
douding may be anywhere: cores, rings, rims, or 
ends in phenocrysts, or blotches. Some phenocrysts 
lave dark subhedral rings between clear rims and 
inegularly clouded cores. Of the feldspar, about one- 
atth is identifiable as albite, partly with chessboard 
tetture, and one-quarter as microperthite; the re- 
mainder is too altered to permit recognition. Quartz 
forms tiny bipyramids but is mostly in micrographic 
intergrowths. Thin quartz stringers and blebs cut 
sme of the feldspars. The anhedral magnetite and 
tomblende (green, ZAc ~ 20°, —2V ~ 80°) are in 
ganular aggregates, and many of the individual 
tomblende crystals contain cores of augite made 
partly opaque by leucoxene. Broken rock, southwest 
part of summit of Mt. Scott; for photomicrograph, 
st Hamilton (1956, Pl. 2, fig. 1). Bulk specific 
gravity 2.65. Field no. WM-9; lab. no. D-1511. 

3. Light reddish-orange (10 R 7/6) granophyre, 
with both the 2-mm euhedral feldspars and the 
lnm quartz bipyramids rimmed and surrounded 
by mictopegmatite. The host-feldspar phase is much 
more clouded than the exsolved phase in both the 
dominant microperthite and the subordinate albite- 
antiperthite. Some big feldspars are of soda-ortho- 
clase (2V ~ 90°), little altered or exsolved. Baveno 


EXPLANATION OF TABLE 1 


and Manebach twins are common in all three types 
of feldspar. The cloudy alteration of the feldspar is 
very irregular and in the uniform soda-orthoclase 
crystals is nearly restricted to the local areas of 
microperthite. The quartz bipyramids, unlike the 
feldspar phenocrysts, are slightly corroded. The 
green biotite is partly chloritized and occurs vari- 
ously as tiny granules aggregated with magnetite, 
as thick ragged 0.1-mm anhedra, and as isolated 
tiny flakes. The 0.1-mm granules of magnetite are 
mostly clustered, and many have hematitic rims. 
Hematite also occurs as thin seams and as the lining 
of the numerous tiny cavities. Highway cut, 0.7 
mile south of Lugert (the host granophyre, not the 
granite dike at this locality); for photomicrograph, 
see Hamilton (1956, Pl. 2, fig. 2). Bulk specific 
gravity 2.56. Field no. WM-24<A; lab. no. D-1512. 

4. Dark orange-pink (10 R 6/4) granophyre, with 
3-mm euhedral feldspars rimmed and surrounded 
by micropegmatite. Some of the discrete crystals of 
albite are intergrown with the phenocrysts, and 
some are in micropegmatite. The potassic phase of 
the microperthite is mostly orthoclase, but locally 
microcline; as the albite is grid-twinned and both 
feldspars are clouded, microcline and albite may 
have been confused in part. The micropegmatitic 
quartz rods are mostly rounded, giving an unusual 
granular appearance to the intergrowths. Feldspar 
phenocrysts are clouded only along poorly defined 
zones, generally not parallel to cleavages; the micro- 
pegmatitic feldspar is much but variably clouded. 
The quartz phenocrysts are rounded equants, prob- 
ably resorbed bipyramids, and some of these contain 
zigzag zones strewn with minute prisms of green 
amphibole(?). The biotite is of two types, occurring 
separately: unaltered olive-gray anhedra, and dark- 
green greatly altered poikilitic grains with rims and 
interlaminae of magnetite and hematite. The numer- 
ous relatively large stubby prisms of zircon are ag- 
gregated with the granular magnetite. Road cut, 
west side of Altus Reservoir, just north of Quartz 
Mountain State Park picnic area. Bulk specific 
gravity 2.59. Field no. WM-26; lab. no. D-1513. 

5. Average of 1-4 

6. Granophyre, west of Mt. Sheridan, quoted 
from Taylor (1915, p. 21). Analysis by George 
Steiger. 

7. Granite or granophyre, from within a few 
miles of town of Granite, quoted from Taylor (1915, 
p. 21). Analysis by J. G. Fairchild. The alkalis 
appear to be too high in this analysis. 

8. Granophyre, 9 miles east of Lugert, quoted 
from Merritt (1958, p. 43). Analysis by D. Thaem- 
litz, Univ. of Minnesota. 

9. Average of 1-4 and 6-8 
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0.6 
. 23} 3.9 
4.8 
0.1 
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.08} 0.2 
— | 0.03 
0.04 
0.04 
.83 


TABLE 1—Continued 
| | | 
5 9 ay, 
2 | 3 | + a al | 6 7 8 Pr 
Modes (Volume per cent) 
Quartz 38.5 35.2 | 38.2 | 35.0 37 
Microperthite 60.7 54.8 | 61.3 | 
Hornblende 2.0 tr. 1 
Augite 1.1 
Magnetite 
‘ + ilmenite | =A 1.8 5 7 1 

+ hematite 

Sphene 
3 tr. 

+ leucoxene } | 
Fluorite tr: tr. 
Zircon tr. tr. tr. fF. % 
Apatite tr. tr. tr. tr. 

Muscovite . tr. NBLE 
Calcite tr. 
Epidote tr. 
Calculated Relationships 
Molecular proportions relative to (CaO + Na2O + K:0) = 100 Iron as 
CaO 4.5 17.2 1.8 6.0 8 18.7 6.2 | 7.4, 8.6 
Na2O 46.6 48.2 49.3 49.0 48 46.3 53.4 | 55.4} 50.5 
K:0 48.9 34.7 48.8 45.0 44 35.0 40.4 | 37.2).40.9 
Al.O3 99.8 94.8 103.5 | 100.1 99 89.5 91.4 | 98.3} 96.1 
Calculated bulk feldspar composition, after allowance for modal accessories, in weight per cent 
An 0 3.9 0.2 2.4 2 
Ab 47.2 54.0 48.6 49.7 50 
Or 52.8 42.1 Si.2 47.9 48 
Surplus after chemical calculations of modal minerals, in weight per cent —— 
Al,O3 +0.6 +0.6 +0.4 | +0.1 | +0.4 1. Ay 
Fe.03 +0.5 +0.6 +0.5 0 +0.4 Hamm, 
retical { 
3 Id 
allotting 
feldspar 
Materig 
I; it is 
distrib 
much | 
and mi 
orthocl 
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QUARTZ 


(weight-mode) 


ALBITE 


(calculated) 


FIGURE 1.—MINERALOGIC COMPOSITION OF FouR GRANOPHYRES FROM WICHITA LOPOLITH 
Sizes of small triangles indicate totals of all other minerals. Numbers refer to columns of Table 1. 


9 ay, 
1-8 
ORTHOCLASE 
(calculated) 
2.—COMPOSITION OF FELDSPAR FRoM RED 
Rocks OF WICHITA LOPOLITH 
1 2 3 
SiO» 66.7 | 2.4 Ab 51.9 
AlLO3 19.0 | 0.4 Or 45.5 
ton as FeO 0.7 | 0.7 An 2.6 
8.6 MgO 0.1/0.1 
5.4} 50.5 CaO 0.5 100.0 
.2|.40.9 5.9 
3.3) 96.1 
0.1 10.1 
TiO. 0.1 | 0.1 
100.4 | 4.6 


|. Average of seven similar analyses by T. E. 
Hamm, from Burwell (1956, p. 18). 

2. Excesses remaining after calculation of theo- 
ttical feldspars of column 3. 

3. Ideal feldspar composition calculated by 
abtting all CaO, NasO, and K,O of column 1 to 
ieMspar; in weight per cent. 


material are given in the descriptions of Table 
I It is pervasive in some rocks but variably 
ustributed in others. Host-phase feldspar is 
nuch more clouded than the exsolved phase, 
ad much of the nonperthitic feldspar (soda- 
orthoclase or albite) is unclouded. The clouded 


areas make blotchy patterns, or crudely 
oriented zones not parallel to cleavage, or zones 
(cores, rims, rings, often subhedral) with all 
degrees of sharpness within feldspars. Quartz 
is not clouded. This distribution suggests that 
much of the clouding matter formed before 
exsolution of microperthite, and that the 
hematite may represent ferric iron, variably 
migrated, initially within the feldspar lattice 
in the normal position of aluminum. The altera- 
tion to clay(?) must have been accompanied by 
selective removal of alkalis, so that primary 
alkali:alumina ratios would have been higher 
than the present ones. 

Semiquantitative spectrographic minor-ele- 
ment analyses are also listed in Table 1. Some 
of the elements reported show variations that 
are probably significant when the three analyses 
of very leucocratic granophyres (1, 3, 4) are 
compared with the more mafic, although still 
leucocratic, rock (2). Strontium appears to 
vary, as expected, with calcium, although the 
amounts reported are surprisingly low. Cobalt, 
chromium, molybdenum, scandium, tin(?), 
vanadium, and, oddly, zirconium appear to 
vary with dark-mineral content, but the data 
are inconclusive. 

Lithium, rubidium, and cesium are among the 
trace elements not detectable by semiquantita- 
tive methods in the Wichita granophyres. 
Horstman (1957, p. 24) analyzed 12 samples of 


| 
7 
Ix | 
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Wichita Mountains rocks—about half of them 
granophyres?-—for Rb and Cs, and several of 
these for Li. He found a nearly constant K/Rb 
ratio of about 220, with amounts of Rb of 
0.01-0.02 per cent. Most of the samples had 
Cs in less than threshold (0.0002 per cent) 
amounts, but several had about 0.001 per cent. 
Lithium values found were 0.001-0.005 per 
cent. 

G. R. Tilton and coworkers have made many 
absolute-age determinations of Wichita Moun- 
tains rocks by lead, uranium, and thorium 
isotope ratios of zircons (from the same pegma- 
tites as those analyzed previously by the Larsen 
lead-alpha method: Larsen, Waring, and Ber- 
man, 1953) and by potassium-argon and 
strontium-rubidium ratios in biotite in grano- 
phyre (from near the locality of specimen 4 of 
this paper). These many determinations indi- 
cate an age of about 520 + 30 million years 
(Tilton, Davis, Wetherill, and Aldrich, 1957, 
p. 364), or very late Precambrian or Early 
Cambrian. All determinations are within the 
range 480-550 million years. In the north part 
of the Wichita Mountains, Upper Cambrian 
sedimentary rocks rest on granophyric rhyolite; 
anorthosite and overlying granophyre are 
brought up against these rocks from the south 
on later Paleozoic faults. The rhyolites may 
represent the little eroded upper crust of the 
complex, and the lopolith may be of extrusive 
rather than intrusive origin. 

The granophyres of the Wichita lopolith are 
similar to those of other big lopoliths and are 
strikingly unlike calc-alkaline granites and 
rhyolites in composition (Fig. 2). The lopo- 
lithic rocks have high iron and low CaO and 
Al,O3 , and are mostly clustered within a narrow 
compositional range. Another paper will discuss 
these and other group characteristics of the 
silicic differentiates of lopoliths and will present 
evidence that strongly reinforces the conclusion 
of R. A. Daly that lopoliths are extrusive com- 
plexes. 

In my 1956 paper, I emphasized the complete 
dissimilarity in petrology and mode of forma- 
tion between the “granites” of the Wichita and 
Arbuckle Mountains, 90 miles apart. The 
Wichita rocks are the granophyres of the cap 
of a lopolith; the Arbuckle rocks are calc- 
alkaline quartz diorites to granites of a com- 
posite batholith. So entrenched is the notion 
that the rocks of these two areas are chrono- 
logically and tectonically correlative that it 
continues to appear in print. Accordingly, I 
call attention to the strontium-rubidium age 
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determination published recently by Davis, § lavi 


Tilton, Aldrich, and Wetherill (1958, p. 189) 
of 1360 million years for biotite from the Ar. 
buckle Mountains. This is considerably older 


T 
= ; 
3 is 
slo 
3 7 
+ 
3 io 
Fer. 
as FeO 
0 
====. 1 
= 
CaO : 
= 40 
45 
Na,0 
4 


FIGURE 2.—VARIATION DIAGRAM OF ANALYSES 0! 
GRANOPHYRE AND GRANITE FROM WICHITA 
LopoLitH 
Solid lines illustrate general trends in grano 
phyres and allied silicic differentiates of Wichita 
Duluth, Sudbury, and Bushveld lopoliths. Dashed 
lines illustrate trends in calc-alkaline volcanic rocks 
of Aleutian Islands (Quaternary), volcanic rocks 0 
San Juan Mountains, Colorado (Tertiary), ant 
batholithic granitic rocks of western United State 
(Mesozoic). 


than the 940-million-years lead-alpha deter 
mination reported in my 1956 paper, made 0 
a specimen probably from the same locality 
but certainly indicates the complete dissocia 
tion between the Wichita and Arbuckle base 
ment provinces. 
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